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Chapter 1
Introduction
Nearly 25 years ago, a new field of astronomy emerged with the discovery, by Lewis et al.
[9], of pieces of stardust in meteorites. Such pieces of stardust became known as presolar grains due
to their formation prior to the existence of the solar system [1]. These grains, originating within
a star upon its death, open a window of study into stellar evolution that was previously hidden,
as telescopes offer only the observation of our celestial neighbors through the capture of light from
their surfaces. To date, silicon-carbide (SiC) and low-density graphite grains have been studied in
great detail. About 1% of SiC grains, a subtype called SiC X, and several graphite grains differ
in their isotopic composition, though, and are characterized by large 15N/14N mass fraction ratios
relative to the solar value and high inferred 26Al/27Al ratios from the decay of 26Mg. These grains
also exhibit a heterogeneity in the 12C/13C ratios, with regions smaller and larger than the solar
value, and contain excesses, relative to solar, in 28Si and 44Ca. The low-density graphite grains are
further distinguished by large excesses in 18O [2, 12].
The overabundance of 44Ca betrays a supernova origin for these grains. As analyzed by
Nittler et al. [12], several of these SiC X and graphite grains contain 42Ca/40Ca and 43Ca/40Ca
ratios near the corresponding solar value while the 44Ca/40Ca ratio is significantly larger than its
solar value. The nucleosynthesis of 42Ca, 43Ca, and 44Ca can occur via neutron-capture during
helium burning, the production of 42Ca and 43Ca dominating that of 44Ca. Since 44Ca is in excess,
however, its abundance must be the result of the radioactive decay of 44Ti, the half-life of which is
approximately 60 years. The production of 44Ti can only occur deep within a supernova through
the process of alpha-rich freeze-out [12]. The isotopic and physical signatures of these grains not
1
Figure 1.1: From Creation to Discovery: Journey of the Presolar Grains [5, 10]
2
Figure 1.2: A Supernova Presolar Graphite Grain
only serve as a travelogue for their journey, but also provide a wealth of data on their formation and
the conditions and nucleosynthesis of the surrounding environment in which they formed. Having
formed, the grains were then expelled into the interstellar medium by the supernova explosion and
eventually incorporated into the nebula that condensed to form the solar system. If the grains
survived the processes that shaped the solar system, they became a part of asteroids, meteroids, or
other similarly large bodies moving in the company of the planets. Smaller pieces detached from
these bodies and crashed to the earth as meteorites. The meteorites were found and, through various
physical and chemical means, the presolar grains extracted and analyzed for their composition. A
diagram of this journey of the presolar grains is outlined in Fig. 1.1 [5, 10].
Recently, Groopman et al. [2012] analyzed several low-density presolar graphite grains
ranging in size from 12 µm to 18 µm. Fig. 1.2 shows an even smaller graphite grain. The grains
were cut into 70nm-thick slices with the use of a microtome and analyzed via NanoSIMS for their
isotopic composition. As emphasized in Fig. 1.3, Groopman et al. found highly anomalous and
spatially correlated hotspots in the δ18O/16O and δ15N/14N values of many of the slices. The
3
Figure 1.3: Microtome Slice D of Micron-Sized Low-Density Supernova Graphite Grain
definition of δ is given by the following:
δ =
[
ratiosample
ratiosolar
− 1
]
∗ 1000 (1.1)
where the ratio is that of mass fractions, as above with the ratio of the 15N to 14N mass fractions.
In considering the δ18O/16O values across microtome slice D of grain G17, we notice from image c
of Fig. 1.3 that most of the slice is highlighted by light and dark shades of blue, corresponding to a
range of δ18O/16O values between 200 and 2000 parts per mil. In solving Eq. (1.1) for (
18O/16O)
(18O/16O)solar
,
we thus find 18O/16O in the slice to be greater than the solar value by at least a factor of 1.2 and at
most a factor of 3, except near the top-right corner. In this region of the slice, 18O/16O is at least
4 times the solar value in the green perimeter while the δ18O/16O value peaks at 5200 parts per
mil in the two red spots, corresponding to 18O/16 that is 6.2 times the solar value. These hotspots
in the δ18O/16O value arise from increases in 18O only, with no corresponding increases in 16O, as
demonstrated by images a and b of Fig. 1.3. The dark grey areas in each of the images represent
holes in the slice, as the large size of the graphite grain made it difficult to microtome [2].
Image d of Fig. 1.3 shows the δ15N/14N values across this same slice. As in image c, most
of the slice is highlighted by light and dark shades of blue. From the right axis in the image, we see
that this corresponds to a range of δ15N/14N values between -200 and 400 parts per mil. By Eq.
(1.1), 15N/14N in the slice is at least 0.8 and at most 1.4 times the solar value. What is remarkable
is that the hotspots in the δ15N/14N value of this slice occur at the same location as the δ18O/16O
hotspots, in the top-right corner. The red spot marks the peak δ15N/14N value of 2090 parts per
mil in image d. Similar to the δ18O/16O hotspots, the hotspots in the δ15N/14N value arise from
4
increases in 15N without any corresponding increases in 14N [2].
The implication of these hotspots is that the graphite grains contain small subgrains from
a region in the supernova enriched in both 18O and 15N. With our simulation of a core-collapse
supernova and analysis of the resulting species abundance evolution, we attempted to find such a
region or regions. We wrote a simple explosion code to simulate the post shock conditions of the
supernova rather than use a detailed hydrodynamical code because our code is easy to understand
and can be run on a laptop computer within 20 minutes. However, for a given explosion energy, the
abundance evolution in all 707 zones of the supernova must be run on the Palmetto Cluster. Our
results for the post shock yields of various nuclear species have proven similar to those of Rauscher
et al., who did indeed make use of a full hydrodynamical model. Through our model, we sought to
explain the nucleosynthetic origin of the 18O and 15N excesses and the reactions that govern their
abundances. Finally, we provide a perspective on the evolution of the formation of the graphite
grains in the supernova.
5
Chapter 2
Presupernova Star
As described in the appendix, we constructed our xml file for the 15-solar-mass presu-
pernova star using the structure and composition data text files from Rauscher et al. [13] at
http://nucastro.org/nucleosynthesis and the nuclear and reaction data xml files at www.jinaweb.org.
The star is evolved to the point of core collapse, with various nuclear species and stages of burning
emphasized in Fig. 2.1. A hydrogen-burning shell surrounding the original hydrogen-burning core
extends from about 4.25 Mr to the surface of the star at 13.0 Mr (not shown in the figure). Con-
vective motions mix the products of various stages of core burning across the range of interior mass
coordinates of the hydrogen-burning shell. Mass conservation dictates that convective motions occur
both radially inward and radially outward, thereby mixing the material on a timescale far shorter
than the completion time of any particular stage of burning [3, 6]. A convective helium-burning shell
extends from 3.05 Mr to 3.8 Mr while the low
12C and 16O mass fractions from 3.8 Mr to 4.19 Mr
indicate that this convective shell is more or less inactive with little burning taking place. These two
shells surround the original helium-burning core, with the large mass fraction of 4He and the small
mass fraction of 14N in this region the result of core hydrogen-burning via the CNO-cycle [3, 6].
The relevant reactions occurring during core helium-burning are 4He(αα,γ)12C, a helium-
burning reaction, and 12C(α,γ)16O. Both reactions compete with each other for the available α
particles. Another reaction sequence, 14N(α,γ)18F(β+ν)18O(α,γ)22Ne, is responsible for the subse-
quent destruction of 14N and production of 18O and 22Ne. Convective motions mix these products
across the range of interior mass coordinates from 3.05 Mr to 4.19 Mr. However, the
12C, 18O, and
22Ne mass fractions are far more significant from 3.05 Mr to 3.8 Mr, demonstrating the ongoing
6
Figure 2.1: Mass Fractions of Major Isotopes as Function of Interior Mass Coordinate in 15-Solar-
Mass Presupernova Star
7
burning of helium in this shell with the aforementioned reaction sequence not going to completion,
thereby leaving a mix of 18O and 22Ne.
A radiative helium-burning shell extends from about 2.6 Mr to 3.05 Mr. Much more of
the helium has been destroyed via core helium-burning, thus producing significant mass fractions
of 12C and 16O. As evidenced by the peak in the 20Ne mass fraction in the middle of this shell,
carbon-burning via 12C(12C,α)20Ne must also have taken place. The middle peak in the 25Mg
mass fraction, in addition to the insignificant mass fraction of 14N, demonstrates that the reaction
sequence, 14N(α,γ)18F(β+ν)18O(α,γ)22Ne(α,n)25Mg, proceeded to completion with the help of the
increased temperature in this shell. The large mass fraction of 16O from 1.85 Mr to 2.6 Mr is the
result of core helium-burning. Combined with a significant mass fraction of 24Mg, neon-burning via
20Ne(20Ne,16O)24Mg, as well as the operation of the reactions, 20Ne(γ,α)16O and 20Ne(α,γ)24Mg,
can also be inferred. Convective mixing of the products of core oxygen-burning and current shell
oxygen-burning via 16O(16O,α)28Si are the causes of the significant 28Si mass fractions extending
from 1.75 Mr to 1.85 Mr. Finally, due to the extreme temperatures from 1.5 Mr to 1.75 Mr, the
subsequent destruction of 28Si and re-construction into 32S, 36Ar, and eventually 56Ni by continuous
α-particle capture lead to the production of 56Fe via the decay of 56Ni [3, 6].
The distribution of pressure, internal energy density, and entropy per nucleon (in units of
Boltzmann’s constant k) amongst baryons, electrons, and photons throughout the presupernova
star is shown in Figs. 2.2, 2.3, and 2.4. Photons and electrons dominate the pressure in the early
regions of the star extending from 1.25 Mr to 3.0 Mr, while most of the pressure is attributable
to electrons in the inner most regions of the star for Mr less than 1.25. All of the particles share
the pressure from 3.0 Mr to about 8.0 Mr, where the photon pressure begins to drop off in the
outer regions of the star. All of the particles more or less contribute evenly to the internal energy
density througout most of the star. Within the inner most regions of the star for Mr less than
1.0, however, electrons again dominate the internal energy density. The entropy per nucleon of the
different particles is nearly uniform from 1.5 Mr to 1.75 Mr, 1.75 Mr to 2.6 Mr, and from 3.05 Mr to
3.8 Mr, corresponding to various burning stages as described above. The uniformity in the entropy
per nucleon of baryons and electrons is also evident in the hydrogen-burning envelope from 4.25 Mr
to the surface at 13.0 Mr. This implies that the ambient temperature gradient was only slightly
larger than the adiabatic temperature gradient as convection mixed the material in these zones and
transported energy outwards [3]. Such a small difference in the temperature gradients is enough to
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Figure 2.2: Pressure as Function of Interior Mass Coordinate in 15-Solar-Mass Presupernova Star
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Figure 2.3: Internal Energy Density as Function of Interior Mass Coordinate in 15-Solar-Mass
Presupernova Star
10
Figure 2.4: Entropy per Nucleon as Function of Interior Mass Coordinate in 15-Solar-Mass Presu-
pernova Star
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Figure 2.5: Temperature as Function of Interior Mass Coordinate in 15-Solar-Mass Presupernova
Star
allow the eifficient operation of convection in transforting energy. The total entropy per nucleon
increases outward as energy, due to radiation and convection, is transported in that direction on its
way to escaping the surface in the form of luminosity [8].
Figs. 2.5 and 2.6 show the run of temperature and density versus interior mass coordinate
in the presupernova star. The temperature in Fig. 2.5 is plotted in units of 109 K. At the inner
edge of the helium-burning zone near 3.05 Mr, T9 has a value of about 0.241 and so the pre
shock temperature at this interior mass coordinate is approximately 241 million K. The temperature
decreases to 67 million K at the outer edge of the helium-buring zone. The drop-off of about two
orders of magnitude in temperature at 4.25 Mr occurs at the inner edge of the hydrogen-burning
envelope. From Fig. 2.6, we see that the density has a value of about 663.44 gm/cm3 at the inner
edge of the helium-burning zone and decreases to roughly 23.87 gm/cm3 at the outer edge. The
density suffers a steep drop-off of seven orders of magnitude at the inner edge of the hydrogen-
burning envelope. We can consider Fig. 2.7 in analyzing this drop-off in density. Across two orders
of magnitude in outer radius from 4.0 x 1010 cm to 2.0 x 1012 cm, the amount of mass contained in
12
Figure 2.6: Mass Density as Function of Interior Mass Coordinate in 15-Solar-Mass Presupernova
Star
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Figure 2.7: Outer Radius as Function of Interior Mass Coordinate in 15-Solar-Mass Presupernova
Star
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Figure 2.8: Value of Adiabatic Index as Function of Interior Mass Coordinate in 15-Solar-Mass
Presupernova Star
that range of outer radii increases only slightly from 4.2 Mr to about 4.32 Mr. With such a small
amount of mass distributed across a shell of length 1.96 x 1012 cm, the density decreases rapidly at
the inner edge of the hydrogen-burning envelope, as shown in Fig. 2.6.
Fig. 2.8 shows the value of the adiabatic index γ throughout the star. This quantity is
defined as
γ ≡
(
∂ lnP
∂ ln ρ
)
s
(2.1)
where P is the pressure, ρ is the mass density, and the partial derivative is taken at constant entropy,
as indicated by the subscript s. In general, we expect the matter to be a mix of relativistic and
non-relativistic particles so that γ lies between 43 and
5
3 [3]. Such a mix is evident in Fig. 2.8, as γ
varies between 1.354, just above 43 , and 1.666, just below
5
3 .
If the particles present in the local matter are predominantly non-relativistic, the entropy
per nucleon s for a single species with abundance per nucleon Y is given by the Sackur-Tetrode
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equation,
snr =
5
2
k + k ln
{
ρNAY
G
(
2pih¯2
mkT
)3/2}
(2.2)
where k is Boltzmann’s constant, NA is Avogadro’s number, m is the mass of the species, G is the
partition function of the species, and T is the temperature [16]. If the composition remains fixed,
constant entropy implies that ρ ∝ T 32 . We next note that the pressure for this non-relativistic
species is
Pnr = ρNAY kT (2.3)
From Eqs. (2.2) and (2.3), we see that P ∝ ρT ∝ ρ 53 , from which it is evident that γ = 53 [3]. On
the other hand, if the pressure and entropy of the material are dominated by relativistic particles,
the entropy per nucleon is given by
sr =
4
3
aT 3
ρNA
(2.4)
and the pressure is given by
Pr =
1
3
aT 4. (2.5)
From these equations, we see that for constant entropy, ρ ∝ T 3 so that P ∝ ρ 43 ; hence, for matter
dominated by relativistic particles, γ = 43 [15]. Our assumption of constant entropy is verified in
Fig. 2.4, as the entropy per nucleon of baryons, electrons, and photons is nearly uniform in several
different regions throughout the star.
The sound speed is defined as
c2s =
(
∂P
∂ρ
)
s
(2.6)
where the subscript s indicates that the partial derivative is taken at constant entropy [3]. From
Eqs. (2.1) and (2.6), we find
c2s = γ
P
ρ
= γ
Pr + Pnr
ρ
= γ
Pr
ρ
+ γ
Pnr
ρ
(2.7)
where Pr is the pressure for relativistic particles and Pnr is the pressure for non-relativistic particles.
From Eq. (2.3), for matter with entropy and pressure dominated by a single non-relativistic species,
Pnr
ρ
= NAY kT (2.8)
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Figure 2.9: Sound Speed via Eq. (2.6) as Function of Interior Mass Coordinate in 15-Solar-Mass
Presupernova Star
where again Y is the abundance of the single species. In the case of relativistic material, from Eqs.
(2.4) and (2.5),
Pr
ρ
=
1
3
aT 4
ρ
=
1
3
sr
k
NAkT (2.9)
where the second equality expresses the entropy per nucleon in units of Boltzmann’s constant k.
Therefore, from Eq. (2.7),
c2s = γ[
1
3
sr
k
NAkT +NAY kT ] (2.10)
In our explosion code, simple snII.cpp, we used Eq. (2.6) to compute the value of the sound
speed in each mass zone of the presupernova star. Fig. 2.9 shows the results of such computations.
Fig. 2.10 shows the sound speed as computed using Eq. (2.10), with the entropy per nucleon of the
photons in place of srk . The ratio of the two computations is shown in Fig. 2.11. Everywhere in the
star, except for the innermost regions, the ratio is unity. The behavior of the sound speed in the
presupernova star can thus be explained via Eq. (2.10) as the result of a mix of non-relativistic and
17
Figure 2.10: Sound Speed via Eq. (2.10) as Function of Interior Mass Coordinate in 15-Solar-Mass
Presupernova Star
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Figure 2.11: Ratio of Sound Speed Computations
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relativistic particles.
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Chapter 3
Explosion and Post Shock
To simulate the supernova explosion of the 15-solar-mass presupernova star, we ran our open
source explosion code, simple snII.cpp, on the presupernova xml file for an explosion energy of 0.5 x
1051 erg. Across the interface of the shock wave, as it traverses each mass zone of the presupernova
star, the mass flux, momentum flux, and energy flux of the fluid must be conserved. If the fluid
is assumed to be a perfect, monatomic, nonviscous, and compressible gas, then in planar geometry
and in the frame of the shock wave, the respective conservation equations become the following:
ρ0vs = ρv (3.1)
p0 + ρ0v
2
s = p+ ρv
2 (3.2)
ρ0vs[e0 +
p0
ρ0
+
1
2
v2s ] = ρv[e+
p
ρ
+
1
2
v2] (3.3)
Here, ρ0, p0, e0, and vs are the density, pressure, energy per mass, and speed, respectively, of the
material flowing into the shock wave, while ρ, p, and e, and v are the density, pressure, energy per
mass, and speed of the post shock material. In the frame of the gas particles, vs also denotes the
speed of the shock wave [11].
Combining Eqs. (3.1) and (3.3) gives
ρ0vs[e0 +
p0
ρ0
+
1
2
v2s ] = ρ0vs[e+
p
ρ
+
1
2
v2] (3.4)
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⇒ e0 + p0
ρ0
+
1
2
v2s = e+
p
ρ
+
1
2
v2 (3.5)
⇒ 1
2
v2s = (e− e0) + (
p
ρ
− p0
ρ0
) +
1
2
v2 (3.6)
From Eq. (3.1),
v =
ρ0
ρ
vs (3.7)
and therefore
v2 = (
ρ0
ρ
)2v2s (3.8)
Combining Eqs. (3.6) and (3.8) gives
1
2
v2s = (e− e0) + (
p
ρ
− p0
ρ0
) +
1
2
(
ρ0
ρ
)2v2s (3.9)
⇒ 1
2
[1− (ρ0
ρ
)2]v2s = (e− e0) + (
p
ρ
− p0
ρ0
) (3.10)
From Eq. (3.2),
p = p0 + ρ0v
2
s − ρv2 = p0 + ρ0v2s − ρ(
ρ0
ρ
)2v2s (3.11)
⇒ p
ρ
=
p0
ρ
+
ρ0
ρ
v2s − (
ρ0
ρ
)2v2s = (
ρ0
ρ
)
p0
ρ0
+ (
ρ0
ρ
)v2s − (
ρ0
ρ
)2v2s (3.12)
Combining Eqs. (3.10) and (3.12) gives
1
2
[1− (ρ0
ρ
)2]v2s = (e− e0) + [ ((
ρ0
ρ
)
p0
ρ0
+ (
ρ0
ρ
)v2s − (
ρ0
ρ
)2v2s)−
p0
ρ0
] (3.13)
⇒ 1
2
[1− 2(ρ0
ρ
) + (
ρ0
ρ
)2]v2s = (e− e0) + p0[
1
ρ
− 1
ρ0
] (3.14)
From Eqs. (3.2) and (3.8),
p0 + ρ0v
2
s = p+
ρ20
ρ
v2s (3.15)
⇒ [ρ0 − ρ
2
0
ρ
]v2s = p− p0 (3.16)
⇒ v2s =
p− p0
ρ0 − ρ
2
0
ρ
(3.17)
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Figure 3.1: Temperature as Function of Interior Mass Coordinate in 25-Solar-Mass Star at Various
Times since Core Bounce as Shock Wave Propagates Outward
Combining Eqs. (3.14) and (3.17) gives
1
2
[1− 2(ρ0
ρ
) + (
ρ0
ρ
)2]
p− p0
ρ0 − ρ
2
0
ρ
= (e− e0) + p0[ 1
ρ
− 1
ρ0
] (3.18)
⇒ f ≡ 1
2
[1− 2(ρ0
ρ
) + (
ρ0
ρ
)2]
p− p0
ρ0 − (ρ0)2ρ
− (e− e0)− p0[ 1
ρ
− 1
ρ0
] = 0 (3.19)
In the presupernova model of the star, each mass zone contains the density (ρ0), pressure
(p0), and internal energy density. We then compute the energy per mass (e0) as
internal energy density
ρ0
.
In our explosion code, we use the GSL one-dimensional root-finding routines to find the value of the
post shock density, ρ, in each mass zone such that f equals 0 [http://www.gnu.org/software/gsl/manual/html node/One-
dimensional-Root 002dFinding.html]. However, the post shock energy per mass, e, and post shock
pressure, p, are unknown, both of which depend on the post shock temperature, T , and density, ρ.
Within the process of root-finding on ρ, then, we must also root-find on T . An important result
from Weaver & Woosley [18] provides insight into the behavior of the post shock temperature.
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From Weaver & Woosley [18], Fig. 3.1 shows the temperature profile of a 25-solar-mass
star at various times since core bounce as the shock wave propagates outward through the mantle
and helium core. Except within the inner regions of the supernova, the instantaneous temperature
across the range of interior mass coordinates behind the shock wave is nearly uniform and takes
on the value of the peak temperature of the zone in contact with the shock wave at that moment.
The shock wave thereby leaves behind an almost isothermal sphere of material at each instant in
time. An isothermal sphere behind the shock wave implies a uniform energy density. The uniform
energy density can be computed as E04
3piR
3 , where E0 is the explosion energy and, from conservation
of energy, given by the final kinetic energy of the ejecta at infinity and R is the outer radius of the
mass zone the shock wave traverses. For the model in Fig. 3.1, the explosion energy is 1.2 x 1051 erg.
Most of the energy of the material behind the shock wave is contained in photons, as demonstrated
by Fig. 3.2 [18]. The peak temperature across the mantle and helium core is fitted with the dashed
curve, the equation of the fit given by
Tpeak = (
E0
4
3piR
3a
)
1
4 (3.20)
The internal energy density of photons is given by aT 4, where a = 4σc , σ is the Stefan-
Boltzmann constant, and c is the speed of light [15]. Setting this expression equal to the uniform
energy density of E04
3piR
3 and solving for T gives the uniform temperature of the material behind
the shock wave, or, in other words, the peak temperature of the zone at radius R. Since, at each
instant, the temperature is not uniform within the inner regions of the supernova, the fit for the
peak temperature breaks down here.
In assuming an isothermal sphere of photons behind the shock wave at each instant in time,
we can easily solve for the post shock temperature, T , by using Eq. (3.20). However, for a general
case in which the energy is distributed amongst a collection of different particles, the internal energy
density is more complicated than aT 4 and so root-finding on T proves useful. The value of T
obtained from the root-finding is used to compute e and p in the above equation for f . With e and
p now functions of ρ only, the root-finding on ρ can be completed since ρ remains the only unknown
variable in the equation. Using Eq. (3.17), the shock speed in each mass zone is calculated with the
values of ρ0, ρ, and p.
Within the innermost regions of the post shock star, for Mr less than 2.0, the internal en-
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Figure 3.2: Peak Temperature and Fit (dashed curve) as Function of Interior Mass Coordinate in
25-Solar-Mass Star
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Figure 3.3: Post Shock Internal Energy Density as Function of Interior Mass Coordinate
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Figure 3.4: Post Shock Pressure as Function of Interior Mass Coordinate
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Figure 3.5: Post Shock Entropy per Nucleon as Function of Interior Mass Coordinate
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Figure 3.6: Product of Mass Density and Cube of Central Radius as Function of Interior Mass
Coordinate in 15-Solar-Mass Presupernova Star
ergy density is more or less evenly distributed amongst electrons and photons, as shown in Fig. 3.3.
Between 2.0 Mr and 2.75 Mr, the internal energy density of photons exceeds that of electrons by
slightly less than an order of magnitude and that of baryons by more than an order of magnitude.
Because of the large values of the internal energy density across this range of interior mass coordi-
nates, though, these differences are significant. From 2.75 Mr to the surface of the post shock star,
the internal energy density of photons is greater than that of both electrons and baryons by more
than an order of magnitude. Except for in the innermost regions, Fig. 3.3 thereby demonstrates that
most of the energy is found in photons immediately after the shock wave propagates throughout the
star, as we assumed above. Figs. 3.4 and 3.5 emphasize that the pressure and entropy per nucleon
of the photons also dominates that of electrons and baryons througout most of the post shock star,
from 3.0 Mr to the surface. We also note that the entropy per nucleon of all particles is nearly
uniform across various regions of the post shock star. To increase the efficiency of our work, then,
we chose to compute the e and p of photons to be used in Eq. (3.19).
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Figure 3.7: Shock Speed and Material Post Shock Speed as Function of Interior Mass Coordinate
for Energy of Explosion of 0.5e51 erg
For a shock wave propagating in such a region where the density is given by a power law,
we recall from Sedov [17] that the shock speed can be expressed in terms of the dimensionally-
independent variables A, E0, and t, where A is a constant in the density power law,
A
rw , E0 is the
conserved energy of the explosion given by the final kinetic energy of the ejecta at infinity, and t
is the shock propagation time. In terms of [A], [E], and [t], we find [vs] = [A]
1
w−5 [E0]
1
5−w [t]
w−3
5−w ,
where vs is the shock speed [4]. The dimensionless form of vs is thus given by
vs
A
1
w−5E
1
5−w t
w−3
5−w
, a
constant. From the Buckingham Π Theorem, then, vs = (constant)(A
1
w−5E
1
5−w t
w−3
5−w ). If w = 3, vs
is independent of time, ρ0 =
A
r3 , and so ρ0r
3 is constant. If w < 3, vs decreases with time and the
shock wave slows down, while ρ0r
3 increases with r. And if w > 3, vs increases with time and the
shock wave speeds up, while ρ0r
3 decreases with r [4] [Daw 2008, Herant & Woosley 1994].
Although ρ0r
3 is plotted against Mr in Fig. 3.6, we can deduce the behavior of ρ0r
3 with r
since r increases with increasing Mr. From Fig. 3.6, we can see the increase in ρ0r
3 with r beginning
at the inner edge of the helium-burning shell, providing added confirmation of the deceleration of
30
Figure 3.8: Shock Time as Function of Interior Mass Coordinate for Energy of Explosion of 0.5e51
erg
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Figure 3.9: Shock Speed as Function of Shock Time for Energy of Explosion of 0.5e51 erg
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Figure 3.10: Pre and Post Shock Peak Temperature as Function of Interior Mass Coordinate for
Energy of Explosion of 0.5e51 erg
the shock wave as it collides with this wall of material. Such a decrease in the speed of the shock
wave as it traverses the helium-burning shell between 3.05 Mr and 3.8 Mr is evident in Fig. 3.7.
The shock wave approaches the inner edge of the helium-burning shell about 6.09 s after leaving
the core of the star, as shown in Fig. 3.8. We can see the decrease in the speed of the shock wave
after 6.09 s in Fig. 3.9. Because of this increase in ρ0r
3 with r, we can conclude that ρ0 falls off
as 1/r or 1/r2. From the outer edge of the helium-burning shell at 3.8 Mr to the inner edge of the
hydrogen-burning envelope at 4.25 Mr, ρ0r
3 decreases with r and so the density must fall off at a
steeper rate, perhaps as 1/r4. This steeper drop-off in density for increasing r results in less material
obstructing the path of the shock wave as it approaches the edge of the hydrogen-burning envelope.
The speed of the shock wave therefore increases and reaches a maximum value of about 4.43 x 109
cm/s near 4.25 Mr and approximately 103.47 s after the shock wave leaves the core of the star, as
shown in Figs. 3.7 and 3.8.
From Figs. 3.10 and 3.11, we see that the peak temperature reaches as high as 633 million
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Figure 3.11: Ratio of Pre and Post Shock Peak Temperature as Function of Interior Mass Coordinate
for Energy of Explosion of 0.5e51 erg
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Figure 3.12: Pre and Post Shock Peak Mass Density as Function of Interior Mass Coordinate for
Energy of Explosion of 0.5e51 erg
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Figure 3.13: Ratio of Pre and Post Shock Peak Density as Function of Interior Mass Coordinate for
Energy of Explosion of 0.5e51 erg
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Figure 3.14: Mach Number as Function of Interior Mass Coordinate for Energy of Explosion of
0.5e51 erg
K at the inner edge of the helium-burning shell, increasing by a factor of about 2.63 from the
corresponding temperature in the presupernova star. From Figs. 3.12 and 3.13, the peak density
jumps to 3748.74 g/cm3 at the helium-burning shell edge, increasing by a factor of about 5.65 from
the corresponding density in the presupernova star. Such increases in the temperature and density
are attributed to the piling up of the stellar material as the shock wave passes through. In addition
to the shock speed, Fig. 3.7 shows the speed of the material behind the shock wave as it traverses the
helium-burning shell. The shock speed remains greater than the post shock speed of the material in
each zone. As the shock wave moves throughout the helium-burning shell, the post shock speed of
the material decreases. The faster-moving material near the inner edge of the helium-burning shell
collides with the material farther out, thus demonstrating that the material behind the shock wave
piles up as the shock wave traverses this shell.
Although the speed of the shock wave decreases as it moves out through the helium-burning
shell, Fig. 3.14 demonstrates that the corresponding Mach number increases from just above 4 to
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Figure 3.15: Mach Number as Function of Shock Time for Energy of Explosion of 0.5e51 erg
about 7, indicating that the drop-off in the shock speed is not as great as the corresponding drop-off
in the sound speed of the presupernova star. Such a discrepancy between the shock speed and sound
speed amplifies as the shock wave accelerates through the old helium-burning core on its way to the
inner edge of the hydrogen-burning envelope. From Fig. 3.14, the Mach number jumps significantly
from 7 to about 128. Such changes in the Mach number of the shock wave are evident, as well, in
Fig. 3.15, as the shock wave moves from the inner edge of the helium-burning shell to the inner edge
of the hydrogen-burning envelope between 6.03 s and 103.47 s after leaving the core of the star.
For an explosion energy of 0.5 x 1051 erg and evolution time of 105 s, or approximately 1
day, the peak in the 15N mass fraction occurs in zone 601 of the supernova at about 3.05 Mr, as
shown in Fig. 3.16. Fig. 3.17 highlights the evolution of the temperature, in units of 109 K, in
this zone. We see that the shock wave reaches this zone about 6.09 s after leaving the core of the
star, as the temperature peaks near 633 million K. Subsequently, the temperature drops as the gas
expands in the absence of the shock wave. Such a drop-off in the temperature can be analyzed using
dimensionality arguments in conjunciton with the piece-wise fit of the temperature curve in Fig.
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Figure 3.16: Mass Fractions of Major Isotopes as Function of Interior Mass Coordinate for Energy
of Explosion of 0.5e51 erg
3.17.
If we assume R ∝ vst, where R is the outer radius of the mass zone, vs is the shock speed,
and t is the time at which the shock wave crosses R, and vs ∝ ta for some constant a, then R ∝ t1+a.
From Eq. (3.19), T ∝ R− 34 . We thus find that T ∝ t− 34 (1+a). The temperature profile of zone 601
was fitted with a power function in Microsoft Excel. Both the profile and fit are shown in Fig.
3.17. For 6.09 s ≤ t ≤ 41.14 s, the fit for the temperature is given by (2.2266 x 109)t−.707. The
temperature fit is given by (105.88 x 109)t−1.722 for 51.05 s ≤ t ≤ 104.99 s. For 127.04 s ≤ t ≤
1155.49 s, the temperature is approximated by (0.6821 x 109)t−.683. And finally, (0.1289 x 109)t−.444
fits the temperature for 1868.55 s ≤ t ≤ 154766.61 s. By comparing these fit expressions with the
relationship between T , t, and a above, we conclude that a = −0.0573 for 6.09 s ≤ t ≤ 41.14 s,
a = 1.296 for 51.05 s ≤ t ≤ 104.99 s, a = −0.0893 for 127.04 s ≤ t ≤ 1155.49 s, and a = −0.408 for
1868.55 s ≤ t ≤ 154766.61 s.
From these arguments, the shock speed must be decreasing with time for 6.09 s ≤ t ≤ 41.14
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Figure 3.17: Temperature and Fit (asterisks) as Function of Shock Time for Zone 601 and Energy
of Explosion of 0.5e51 erg
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s, 127.04 s ≤ t ≤ 1155.49 s, and 1868.55 s ≤ t ≤ 154766.61 s, and increasing with time for 51.05 s
≤ t ≤ 104.99 s. However, from Fig. 3.9, we see that the shock speed decreases with time for 6.08 s
≤ t ≤ 19.87 s and 103.47 s ≤ t ≤ 151959.11 s, while it increases with time for 22.09 s ≤ t < 103.47
s. These order of magnitude estimates for the decreasing and increasing time intervals of the shock
speed based on the fits of the temperature curve agree well with the actual time intervals.
In each successive time interval in which the shock speed decreases with time, the value of
a decreases. This implies that the magnitude of the deceleration of the shock wave is smallest in
the earlier time interval and largest in the late time interval. To confirm this behavior of the shock
speed, we can refer to Fig. 3.9 in computing the percent decrease of the shock speed across the
different time intervals. For 6.08 s ≤ t ≤ 19.87 s, we find
841869070.59 cm/s− 641512941.46 cm/s
841869070.59 cm/s
≈ 0.2380⇒ 23.80% (3.21)
For 103.47 s ≤ t ≤ 1187.09 s,
4428150395.54 cm/s− 1410465733.87 cm/s
4428150395.54 cm/s
≈ 0.6815⇒ 68.15% (3.22)
And for 1187.09 s ≤ t ≤ 151959.11 s,
1410465733.87 cm/s− 198041513.40 cm/s
1410465733.87 cm/s
≈ 0.8596⇒ 85.96% (3.23)
From these calculations, the shock speed decreases by approximately 24% across the earlier time
interval and continues to drop by larger percentages across each successive time interval, in agreement
with the above conclusion based on the values of a.
From Fig. 3.8, we see that the shock wave traverses the hydrogen-burning envelope at Mr
> 4.25 for t > 103.47 s. For 51.05 s ≤ t ≤ 104.99 s, the temperature in zone 601 drops from
121.2 million K to 35.3 million K, a change of about 86 million K over 54 s. As mentioned earlier,
we assume an isothermal sphere behind the shock wave as it moves throughout the star. If the
shock wave has yet to cross the zone of interest, the temperature of that zone is the presupernova
temperature. And if the shock wave has already crossed the zone of interest, the temperature of
that zone is given by the peak temperature of the zone currently in contact with the shock wave.
Before the shock wave reaches zone 601, then, its temperature is constant at the presupernova value
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of 241.2 million K, as shown in Fig. 3.17. For t > 6.09 s, the temperature of zone 601 takes on the
value of the peak temperature of each successive zone the shock wave encounters. The large decrease
in the temperature of zone 601 across such a short time span from 51.05 s to 104.99 s occurs as
the shock wave accelerates to the inner edge of the hydrogen-burning envelope at 4.25 Mr, where
the presupernova temperature falls by two orders of magnitude (see Fig. 3.10). Because the peak
temperature is dependent upon the presupernova temperature, the temperature in zone 601 thereby
suffers a significant decrease during this time interval.
From Eq. (2.4) for relativistic photons, ρ ∝ T 3 for constant entropy. The assumption of a
photon-dominated post shock star, consisting of regions of almost constant entropy, was verified in
Figs. 3.3, 3.4, and 3.5. We therefore compute the post shock density, as a function of time, in a
given zone as
ρpeak = (
ρ0
T 30
)T 3peak (3.24)
As before, the density in the zone of interest is the presupernova value until the shock wave reaches
that zone, at which point the density takes on the value of the peak density of each successive zone
the shock wave encounters, as given by Eq. (3.24). The density profile of zone 601 is shown in Fig.
3.18. As expected, the trajectory is similar to that of the temperature profile. Since ρ0 and T0 are
constant in Eq. (3.24) and given by the presupernova values in the zone of interest, ρpeak ∝ T 3peak,
where Tpeak is the peak temperature of each successive zone the shock wave encounters. For zone
601, ρ0 ≈ 663 g/cc while T0 ≈ 241 million K, thus giving a value of ρ0T 30 on the order of 10
−23. The
post shock density in zone 601 falls as (10−23)T 3peak then. From Fig. 3.18, the density decreases by
two orders of magnitude from 51.05 s to 104.99 s as the shock wave accelerates to the inner edge of
the hydrogen-burning envelope. For t > 104.99 s, the density continues to drop by more than four
orders of magnitude.
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Figure 3.18: Mass Density as Function of Shock Time for Zone 601 and Energy of Explosion of
0.5e51 erg
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Chapter 4
Nucleosynthesis
To study the nucleosynthesis resulting from the explosion, we ran our open source multiple
zone code, run multiple zone omp.cpp, on various explosion xml files, each obtained via the sim-
ple snII.cpp code on the presupernova xml file for a given energy of explosion. The abundances in
each zone were evolved for 105 s, or approximately 1 day, post core bounce. For each timestep of the
evolution, the Newton-Raphson method was used to solve the 5,442-species nuclear reaction network
for the corresponding abundances. For a single calculation of a given explosion energy, the 707 zones
of the supernova were distributed between 8 processors of a shared-memory node on the Palmetto
Cluster. The completion time for the evolution of all 707 zones was about 24 hours. As displayed in
the workflow diagram, we created the post shock xml file of Rauscher et al. [13] from the explosion
text file obtained at http://nucastro.org/nucleosynthesis, the simulation of the explosion consisting
of a full hydrodynamical calculation for an explosion energy of 1.2 x 1051 erg and thereby more
complex than our simulation. The abundances in the Rauscher xml file were evolved for 2.5 x 104 s
post core bounce.
Fig. 4.1 shows the 14N and 15N mass fractions from Rauscher et al. [13] across the range of
interior mass coordinates of the star before and after the explosion. Near 3.05 Mr, at the inner edge
of the helium-burning shell, the 15N mass fraction peaks at about 1.39 x 10−3 after the explosion.
Moving across the helium-burning shell, the 15N mass fraction gradually decreases and approaches
the presupernova value of 7.46 x 10−6. The post shock 14N mass fraction decreases to 1.12 x 10−3
from its presupernova value of 4.37 x 10−3 near 3.05 Mr. We next consider the ratio of the 15N and
14N mass fractions relative to the solar ratio both before and after the explosion of the star in the
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Figure 4.1: Rauscher et al. [13] Pre and Post Shock 14N and 15N Mass Fractions as Function of
Interior Mass Coordinate for Energy of Explosion of 1.2e51 erg
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Figure 4.2: Ratio of Rauscher et al. [13] 15N and 14N Mass Fractions Relative to Solar Ratio as
Function of Interior Mass Coordinate both Before and After Explosion of Star
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Figure 4.3: Rauscher et al. [13] Pre and Post Shock 16O and 18O Mass Fractions as Function of
Interior Mass Coordinate for Energy of Explosion of 1.2e51 erg
Rauscher model, as shown in Fig. 4.2. Again, at the inner edge of the helium-burning shell near 3.05
Mr, the value of
(15N/14N)
(15N/14N)solar
increases by more than two orders of magnitude after the explosion.
As we proceed farther inwards toward the core, the post shock (
15N/14N)
(15N/14N)solar
value peaks near 104.
However, in this region less than 3.05 Mr, both the post shock
14N and 15N mass fractions are small
and on the order of 10−6-10−5, with the 15N mass fraction larger by about an order of magnitude.
The increase in the post shock (
15N/14N)
(15N/14N)solar
value, then, is attributed to the larger value of the 15N
mass fraction relative to the 14N mass fraction and not to an excess amount of 15N in this region.
From Fig. 4.3, the post shock mass fraction of 16O remains unchanged from the corre-
sponding presupernova value across the range of interior mass coordinates from 2.0 Mr to 5.0 Mr,
while the 18O mass fraction begins to decrease from its presupernova value of 4.45 x 10−3 as we
move inwards from the outer edge of the helium-burning shell at 3.8 Mr. A similar decrease across
the helium-burning shell, by more than an order of magnitude, occurs for the post shock value of
(18O/16O)
(18O/16O)solar
relative to the presupernova value. The pre and post shock ratio falls off by many
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Figure 4.4: Ratio of Rauscher et al. [13] 18O and 16O Mass Fractions Relative to Solar Ratio as
Function of Interior Mass Coordinate both Before and After Explosion of Star
orders of magnitude within the inner regions of the supernova, as the 18O mass fraction is much less
than the 16O mass fraction for these zones. Fig. 4.4 highlights this pre and post shock ratio.
Figs. 4.5 and 4.6 show the post shock 14N and 15N mass fractions across the helium-burning
shell from our calculations for several different explosion energies ranging from 0.3 x 1051 erg to 1.2 x
1051 erg. The mass fractions from Rauscher et al. [13] are also included in these figures and labeled
as ”c post”. For a given value of the interior mass coordinate early in the helium-burning shell, the
post shock 14N mass fraction decreases from the presupernova value of 4.37 x 10−3 with increasing
energy. And we see that the Rauscher value is more or less in line with the value corresponding
to an energy of 0.8 x 1051 erg. Meanwhile, the 15N mass fraction increases from the presupernova
value with increasing energy at the inner edge of the helium-burning, peaking at a value of 3.26 x
10−4 for an explosion energy of 0.5 x 1051 erg. Increasing the explosion energy past 0.5 x 1051 erg
shifts the peak in the 15N mass fraction farther out. We also notice that the 15N mass fraction falls
back to the presupernova value near 3.45 Mr for all explosion energies, whereas the Rauscher post
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Figure 4.5: Our Post Shock 14N Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies
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Figure 4.6: Our Post Shock 15N Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies
shock 15N mass fraction does not trail off as quickly and remains above the presupernova value for
the duration of the helium-burning shell, as shown in Fig. 4.1.
The post shock value of (
15N/14N)
(15N/14N)solar
throughout the helium-burning shell for the various
explosion energies is emphasized in Fig. 4.7. As in the case of the post shock 15N mass fractions,
the value of this ratio increases with increasing energy at 3.05 Mr near the inner edge of the helium-
burning shell until it peaks around 34 for an explosion energy of 0.5 x 1051 erg. The peak then shifts
farther out for higher explosion energies.
Figs. 4.8 and 4.9 show the post shock 16O and 18O mass fractions across the helium-burning
shell for the given range of explosion energies. As in the model from Rauscher et al. [13], the post
shock 16O mass fraction for the different explosion energies remains nearly unchanged from the
presupernova value of 2.21 x 10−3 in the helium-burning shell. For a given value of the interior
mass coordinate near the inner edge of the helium-burning shell, the post shock 18O mass fraction
decreases from the presupernova value of 4.45 x 10−3 with increasing energy. The Rauscher post
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Figure 4.7: Ratio of our 15N and 14N Mass Fractions Relative to Solar Ratio as Function of Interior
Mass Coordinate both Before and After Explosion of Star
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Figure 4.8: Our Post Shock 16O Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies
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Figure 4.9: Our Post Shock 18O Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies
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Figure 4.10: Our Post Shock 18O Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies
shock 18O mass fraction tracks along with the corresponding value for an explosion energy of 0.8 x
1051 erg between 3.1 Mr and 3.15 Mr, but then drops at a greater rate inside of 3.1 Mr. Similarly,
as shown in Fig. 4.11, the post shock value of (
18O/16O)
(18O/16O)solar
decreases from the presupernova value
of about 900 with increasing energy near the inner edge of the helium-burning shell. However, the
ratio retains a high value above 100 between 3.05 Mr and 3.25 Mr for the range of explosion energies
from 0.3 x 1051 erg to 0.9 x 1051 erg. The post shock (
18O/16O)
(18O/16O)solar
value drops off by many orders
of magnitude as we proceed inwards toward the core, as shown in Fig. 4.12. Similar to the Rauscher
model, this decrease is the result of the post shock 18O mass fractions being significantly less than
the 16O mass fractions within this region, as highlighted in Figs. 4.8 and 4.10
The hotspots in δ15N/14N discovered by [2] in the presolar graphite grains resulted from an
increase in the 15N mass fraction without a corresponding increase in the 14N mass fraction. After
the explosion, such increases in the 15N mass fraction with slight decreases in the 14N mass fraction
occur near the inner edge of the helium-burning shell between 3.05 Mr and 3.15 Mr for the various
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Figure 4.11: Ratio of our 18O and 16O Mass Fractions Relative to Solar Ratio as Function of Interior
Mass Coordinate both Before and After Explosion of Star
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Figure 4.12: Ratio of our 18O and 16O Mass Fractions Relative to Solar Ratio as Function of Interior
Mass Coordinate both Before and After Explosion of Star
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explosion energies, as evidenced in Figs. 4.5 and 4.6. The value of δ15N/14N peaks at 2090 parts per
mil in the grains, corresponding to a value of 15N/14N that is 3.09 times the solar ratio. We notice
in Fig. 4.7 that, close to the inner edge of the helium-burning shell, the post shock (
15N/14N)
(15N/14N)solar
values peak near 34 for the various explosion energies, while the Rauscher value peaks just above 300,
both values of which are above 3.09. The post shock 14N and 15N mass fractions remain unchanged
from their presupernova values from the middle of the helium-burning shell near 3.4 Mr to the
outer edge at 3.8 Mr. The post shock δ
15N/14N values thereby assume the presupernova value of
approximately 0.45 in this region, as emphasized in Fig. 4.7, a value somewhat less than 3.09. As
the grains move out from the inner regions of the star during the explosion, then, the excess 15N
must be accumulated upon the collision of the grains with the wall of material comprising the inner
edge of the helium-burning shell at 3.05 Mr.
The hotspots in δ18O/16O of up to 5200 parts per mil discovered by Groopman et al. [2012]
in these grains resulted from an increase in the 18O mass fraction without a corresponding increase
in the 16O mass fraction. From Fig. 4.9, for each of the explosion energies, there is a significant
fraction of 18O on the order of 10−3 across the helium-burning shell. Although these post shock
mass fractions are less than the presupernova value from 3.05 Mr to 3.25 Mr, their values are still
significant and in excess of the 18O mass fractions in the surrounding regions of the supernova. For
the various explosion energies, the post shock 16O mass fractions remain nearly unchanged from
the presupernova value across the range of interior mass coordinates from 1.9 Mr to 3.0 Mr. These
mass fractions decrease by more than two orders of magnitude as we move into the helium-burning
shell. The δ18O/16O value of 5200 parts per mil corresponds to a value of 18O/16O that is 6.2
times the solar ratio. Fig. 4.11 demonstates that throughout the helium-burning shell, for most of
the explosion energies, the post shock (
18O/16O)
(18O/16O)solar
value remains large above 100, and thus much
greater than 6.02. As the grains traverse the 16O-dominated neon-burning and radiative helium-
burning shells from 1.85 Mr to 3.0 Mr, they accumulate an excess of
16O. Upon encountering the
inner edge of the convective helium-burning shell at 3.05 Mr, the
18O mass fraction has increased
significantly without a corresponding increase in the 16O mass fraction. It is within this region,
then, that the grains must acquire that excess amount of 18O.
The importance of the inner edge of the convective helium-burning shell with regards to the
formation and composition of the presolar graphite grains cannot be overstated. In considering Fig.
4.6, we see that the peak in the 15N mass fraction for an explosion energy of 0.5 x 1051 erg occurs at
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the same location as the corresponding peak in the Rauscher model, at about 3.05 Mr, corresponding
to zone 601 in our calculations. Although, the Rauscher value for the 15N mass fraction is larger
than our value by almost an order of magnitude. A more in-depth analysis of the nucleosynthesis
resulting from an explosion of this energy and at this location in the star is in order. Such an analysis
could provide insight into the discrepancy between the peak 15N mass fractions from our model and
that of Rauscher et al. [13]. Also examining the evolution of the mass fractions at this location
for higher explosion energies could help explain the shift in the peak of the 15N mass fraction for
higher energies. A discussion of the steady-state behavior of the system will prove beneficial in these
analyses. I’ll thereby begin with a brief overview of steady-state evolution.
Consider the evolution of the abundance of a single nuclear species as given by the following
equation:
dN
dt
= −λN + P (4.1)
where N is the number of nuclei of the nuclear species, λ is the probability of decay per nucleus per
time, and P is the production of the nuclei per time. Thus, λN is the destruction of N nuclei per
time. We take P and λ to be constant. We can solve this equation for the number of nuclei as a
function of time, N(t), by first rearranging the equation as the following:
dN
dt
+ λN = P (4.2)
Next, we can multiply both sides of the equation by the integrating factor, eλt.
eλt
dN
dt
+ eλtλN = eλtP (4.3)
⇒ d
dt
(eλtN) = eλtP (4.4)
⇒ d(eλtN) = eλtPdt (4.5)
In integrating both sides of the equation from t = 0 to some later time, t, the equation becomes
∫ t
0
d(eλt
′
N) =
∫ t
0
eλt
′
Pdt′ (4.6)
⇒ eλtN(t)−N(0) = P
λ
[eλt − 1] (4.7)
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⇒ N(t) = N(0)e−λt + P
λ
[1− e−λt] (4.8)
where N(0) is the initial number of nuclei. As t→∞, e−λt → 0 and we thereby find after sufficient
time has passed that N(t) approaches a steady-state value of Pλ , the ratio of the production rate,
P , to the destruction rate per nucleus, λ. From Eq. (4.8), the timescale for achieving steady-state
abundance is given by 1λ , as N(t) approaches the steady-state value for t 1λ . In steady-state, the
number of nuclei does not change with time and so we could have computed the steady-state value
by setting dNdt of Eq. (4.1) equal to 0 and solving for N .
The abundance, Y , of a nuclear species or type of particle is the number of nuclei or particles
per total number of nucleons. Assuming a negligible reverse rate, the decrease in the abundance,
Yi, of a single nuclear species, i, through the reaction, i + a → j + b, is governed by the following
equation: (
dYi
dt
)
a
= −ρNA < σv >ia YaYi = −λiaYi (4.9)
where Yi and Ya denote the abundances of nucleus, i, and particle, a, respectively, and λia ≡ ρNA <
σv >ia Ya is the decay constant for destruction of nucleus, i, via reactions with particle, a, and
λiaYi is the corresponding rate of destruction of nucleus, i, in units of number of nuclei, i, per total
number of nucleons per time. For multiple reactions in which nucleus, i, is destroyed, the total
decrease in the abundance is obtained by summing over all particles, a, that react with nucleus, i:
Σa
(
dYi
dt
)
a
= Σa(−λiaYi) = −YiΣa(λia) ≡ −Yiλi (4.10)
For a negligible reverse rate, the increase in the abundance, Yi, of a single nuclear species, i, through
the reaction, k + c→ i+ d, is governed by the following equation:
(
dYi
dt
)
k
= ρNA < σv >kc YkYc (4.11)
where Yk and Yc denote the abundances of nucleus, k, and particle, c, respectively, and ρNA <
σv >kc YkYc is the rate of production of nucleus, i, via reactions of nucleus, k, with particle, c, in
units of number of nuclei, i, per total number of nucleons per time. For multiple reactions in which
nucleus, i, is produced, the total increase in the abundance is obtained by summing over all nuclei,
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k, and particles, c:
ΣkΣc
(
dYi
dt
)
k
= ΣkΣc(ρNA < σv >kc YkYc) ≡ Pi (4.12)
The total change in the abundance of nucleus, i, is thus given by
dYi
dt
= −Yiλi + Pi (4.13)
As demonstrated above, the long-term behavior of N(t) is to achieve the steady-state value.
Similarly, the long-term behavior of Yi in Eq. (4.13) is to achieve the steady-state value of
Pi
λi
,
as computed by setting dYidt equal to 0 and solving for Yi. We can understand this conceptually
by considering Eq. (4.13) in more detail. Both λi and Pi are functions of the temperature and
density, each of which change with time. Let’s assume, initially, that λiYi > Pi so that more nuclei
are destroyed than produced and the number of nuclei, expressed in terms of the abundance,Yi,
decreases with time. As Yi decreases, though, λiYi also decreases and the net destruction of nuclei
decreases as the difference between λiYi and Pi lessens. Soon a steady state is reached in which
λiYi = Pi and thus
dYi
dt = 0 and the number of nuclei, Yi, does not change with time. If, instead,
Pi > λiYi initially, then Yi increases with time as more nuclei are produced than destroyed. With
increasing Yi, λiYi also increases and the net production of nuclei decreases as the value of λiYi
approaches that of Pi. Eventually, a steady state is again established as
dYi
dt → 0. Regardless of
the initial values for the production and destruction rates of the nuclei, we see that the system
self-regulates to achieve the steady-state value after sufficient time has passed [Iliadis 2007, Meyer
2011].
We can rewrite Eq. (4.13) as
dYi
dt
= −
(
dYi
dt
)
destruction
+
(
dYi
dt
)
production
(4.14)
where
(
dYi
dt
)
destruction
≡ Yiλi and
(
dYi
dt
)
production
≡ Pi. For a small time step, the production
equation can then be rewritten as
(dYi)p
Yi
dt
≈ Pi
Yi
(4.15)
The fractional change in Yi per unit time from production, during that small time step, is approx-
imately PiYi . If we invert this equation, we find the time, τp, to achieve that fractional change is
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given by YiPi . We can therefore think of τp as a timescale for production. For a small time step, the
destruction equation can we rewritten as
(dYi)d
Yi
dt
≈ λi (4.16)
The fractional change in Yi per unit time from destruction, during that small time step, is approxi-
mately λi. The corresponding timescale for destruction is
1
λi
. In terms of these timescales, the net
change in Yi per unit time during a small time step can be computed as the following:
dYi
dt
≈ Yi
(
1
τp
− 1
τd
)
(4.17)
In dividing both sides of Eq. (4.17) by Yi, we obtain the inverse of the timescale for the net fractional
change in Yi during a small time step:
1
τ
≈
∣∣∣∣ 1τp − 1τd
∣∣∣∣ (4.18)
An approximate steady-state is achieved when the difference between the production and destruction
timescales is small, as demonstrated by Eq. (4.17). During this approximate steady-state, from Eq.
(4.18), the timescale for the net fractional change in Yi is large compared to the production and
destruction timescales.
The post shock evolution of the 15N mass fraction in zone 601 for an explosion energy of 0.5
x 1051 erg is shown in Fig. 4.14 along with the steady-state value of P (
15N)
λ(15N) . Since Y (
15N) = X(
15N)
M(15N) ,
where M(15N) is the relative atomic mass of 15N in atomic mass units and numerically close to its
mass number of 15, I plotted the 15N mass fractions as 15Y (15N). Up until 1.48 x 10−5 s post core
bounce, the steady-state 15N mass fraction is constant at 4.5 x 10−4. Before the arrival of the shock
wave at 6.075 s post core bounce, this steady-state value increases slightly to 5.16 x 10−4. As the
shock wave approaches, the steady-state 15N mass fraction takes a sharp drop-off to 10−4 before
rising again to 4.53 x 10−4. The steady-state 15N mass fraction then gradually decreases between
6.4 s and 10 s post core bounce. As previously realized, the long-term behavior of the abundance,
and thus mass fraction since X(15N) ∝ Y (15N), of 15N is to achieve the steady-state value. From
Fig. 4.14, as the shock wave hits the zone, we see that the 15N mass fraction increases toward the
local peak in the steady-state value near 6.4 s post core bounce. However, before achieving that
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Figure 4.13: Post Shock Evolution of Production and Destruction Timescales of 15N in Zone 601 for
an Explosion of Energy, 0.5e51 erg
steady-state peak value, the 15N mass fraction levels off at just above 3 x 10−4 due to the freeze-out.
The material has expanded and cooled on a timescale much less than that needed for the 15N mass
fraction to achieve and remain in steady-state.
The timescales for the production and destruction of 15N in zone 601, computed at each
time step using Eqs. (4.15) and (4.16), for an explosion energy of 0.5 x 1051 erg are shown in
Fig. 4.13. For a short time after the shock wave hits the zone at 6.075 s post core bounce, the
destruction timescale trails the production timescale. Between 6.075s and 6.8 s post core bounce,
then, it must take less time to produce 15N than it does to destroy it, thereby leading to a net
increase in 15N. Such a net increase is evident in Fig. 4.14, as the 15N mass fraction rises by more
than an order of magnitude during this time period in its attempt to achieve steady-state. The
15N mass fraction peaks near 6.8 s post core bounce and slightly declines after that. For any time
greater than 6.8 s post core bounce, the destruction timescale leads the production timescale and so
a net decrease in 15N is expected as it takes less time to destroy it. From Fig. 4.13, the timescales
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Figure 4.14: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601 for
an Explosion of Energy, 0.5e51 erg
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Figure 4.15: Post Shock Evolution of 14N, 15N, 18F, and 18O mass fractions in Zone 601 for an
Explosion of Energy, 0.5e51 erg
for production and destruction become greater than the current time after 7.5 s and 7.8 s post core
bounce, respectively. For example, at 9.173 s post core bounce, the timescale to produce 15N is
186.32 s while the timescale to destroy it is 60.14 s, both times of which are significantly longer than
the current time. The timescales continue to grow larger relative to the current time as the shock
wave propagates outward. The onset of freeze-out after the shock wave has travelled for more than
10 s has resulted in a fraction of 3.26 x 10−4 for 15N, as there is not enough time to produce or
destroy additional 15N before the rapid expansion of the post shock material.
Fig. 4.15 shows the post shock evolution of the 14N, 15N, 18F, and 18O mass fractions in zone
601 between 5.5 s and 10 s post core bounce for an explosion energy of 0.5 x 1051 erg. The shock wave
makes contact with this zone about 6.075 s after core bounce. At 6.03 s post core bounce, before the
arrival of the shock wave, the significant presupernova fractions of 14N, 18O, and 22Ne in this zone
undergo efficient partial helium-burning via 14N(α,γ)18F and 18O(α,γ)22Ne(α,n)25Mg. The 14N and
18O mass fractions thereby decrease with time while the 18F mass fraction increases with time. The
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neutron mass fraction, attributable to the 18O(α,n)21Ne and 22Ne(α,n)25Mg reactions, reaches its
peak value of 1.51 x 10−10 at 6.09 s post core bounce, slightly after the arrival of the shock wave.
The 18F mass fraction decreases with time here as the significant abundance of neutrons leads to its
destruction via 18F(n,p)18O and 18F(n,α)15N.
For 6.26 s post core bounce, we see that the 15N and 18F mass fractions increase with
time while the 14N and 18O mass fractions decrease. To better understand these behaviors, we
can use our compute flows.cpp code to compute the net reaction rate (forward minus reverse) of
various reactions at a particular time in the evolution. In doing so, we find that the dominant
reactions are 18O(α,n)21Ne, 14N(α,γ)18F, 18O(α,γ)22Ne, 18F(n,α)15N, 15N(p,α)12C, 15N(α,γ)19F,
and 18O(p,α)15N, with net flows of 1.633 x 10−4, 1.431 x 10−4, 1.358 x 10−4, 8.647 x 10−5, 4.778 x
10−5, 1.837 x 10−5, and 1.605 x 10−5, respectively, in units of number of nuclei, i, per total number
of nucleons per time. The temperature in the zone at this time is 618 million K, just under the peak
temperature of 633 million K achieved by the zone at the moment the shock wave hits. The density,
3486.92 g/cc, is also near the peak value of 3731.89 g/cc.
The half-life for the β+ decay of 18F is approximately 110 minutes, which is long compared
to the 6 s needed for the 18F mass fraction to begin growing. Although 18F is destroyed through
the capture of neutrons to produce 15N, the destruction of 14N via 14N(α,γ)18F occurs at a more
rapid pace since 14N and α-particles are abundant in this helium-burning zone. The mass fraction
of 18F thus increases with time. The large abundance of α-particles also leads to the destruction
of 18O via 18O(α,n)21Ne and 18O(α,γ)22Ne. The neutron mass fraction is currently declining as
18F(n,α)15N and other neutron-capture reactions consume the neutrons. The destruction of 15N oc-
curs predominately via 15N(p,α)12C and 15N(α,γ)19F, while its production operates as 18F(n,α)15N
and 18O(p,α)15N. The low mass fraction of 15N keeps its destruction rate low. Also, the timescale
for the reaction sequence, 14N(α,γ)18F(n,α)15N, is short and so we see a net increase in the 15N
mass fraction at this moment in time in the evolution of the zone.
Eventually, the temperature and density in the zone drop to such low values from the
resulting expansion of the post shock material that the reaction rates become negligible and the
nucleosynthesis freezes out. After the shock wave has travelled for more than 103 s, as the halflife
for β+ becomes comparable to the current time, the 18F mass fraction decreases with time and the
18O mass fraction increases. Such freeze-out and β+ decay are highlighted in Fig. 4.16, with the
15N mass fraction peaking at just above 3 x 10−4.
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Figure 4.16: Post Shock Evolution of 14N, 15N, 18F, and 18O mass fractions in Zone 601 for an
Explosion of Energy, 0.5e51 erg
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Figure 4.17: Post Shock Evolution of Production and Destruction Timescales of 15N in Zone 601 for
an Explosion of Energy, 0.5e51 erg, with All 15N-Destroying Reaction Rates Reduced by Factor of
100
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Figure 4.18: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601 for
an Explosion of Energy, 0.5e51 erg, with All 15N-Destroying Reaction Rates Reduced by Factor of
100
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In Fig. 4.18, the rates of all 15N-destroying reactions were decreased by a factor of 100, such
that Y (15N)λ(15N) → .01[Y (15N)λ(15N)] = Y (15N)[.01λ(15N)] ≡ Y (15N)λ∗(15N), and therefore
the steady-state 15N mass fraction becomes 15
(
P (15N)
λ∗(15N)
)
, more than an order of magnitude larger at
each moment in the evolution than the corresponding value in Fig. 4.14 with no rate modification.
Because not as much 15N is destroyed, we see in Fig. 4.18 that the 15N mass fraction freezes out
at a larger value than that in Fig. 4.14, just above 10−3. From Fig. 4.17, the timescale for the
destruction of 15N becomes greater than the current time immediately after the arrival of the shock
wave at 6.075 s post core bounce. For each moment of the evolution since, it takes longer than on
the order of 10 s to destroy 15N. After 10 s post core bounce, though, freeze-out has more or less
set in with the 15N mass fraction remaining constant near 1.2 x 10−3. There is thus no time to
destroy 15N once the shock wave reaches the zone. From Fig. 4.17, the production timescale leads
the destruction timescale by more than an order of magnitude until it becomes greater than the
current time near 7.1 s post core bounce. Between 6.075 s and 7.1 s post core bounce, then, it takes
much less time to produce 15N and so we expect a net increase in the 15N mass fraction. Fig. 4.18
shows the net increase by more than two orders of magnitude in the 15N mass fraction during this
time period. Because of the significantly larger steady-state values via the decreased destruction
rates, the 15N mass fraction falls short in its attempt to achieve steady-state.
The post shock evolution of the 15N mass fraction and corresponding steady-state value
in zone 601 for an explosion energy of 0.8 x 1051 erg are shown in Figs. 4.19 and 4.20. For an
explosion of this energy, the shock wave reaches zone 601 at 4.77483 s post core bounce. The peak
temperature and density are 712 million K and 4039.61 g/cc, respectively, as compared to the peak
values of 633 million K and 3486.92 g/cc for an explosion energy of 0.5 x 1051 erg. Immediately
after the shock wave hits, the network of reactions is able to adjust such that the 15N mass fraction
approaches near the steady-state value and remains in this approximate steady-state from 4.83 s to
5.07 s post core bounce. During this time period, the timescales for the production and destruction
of 15N are near identical and less than the current time, as shown in Figs. 4.21 and 4.22. We can
consider the evolution of the system at 5.0013 s post core bounce. At this moment, the timescale for
production is 0.11575 s while that for destruction is 0.11835 s. The difference is small with a value
of 0.0026 s. Although the production and destruction of 15N both occur on a timescale of roughly
0.12 s, the net increase in the 15N mass fraction occurs much more slowly on a timescale of 5.26885
s, as computed via Eq. (4.18). In computing dY (
15N)
dt from Eq. (4.17), we obtain 3.1712 x 10
−6 15N
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Figure 4.19: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601 for
an Explosion of Energy, 0.8e51 erg
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Figure 4.20: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601 for
an Explosion of Energy, 0.8e51 erg
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Figure 4.21: Post Shock Evolution of Production and Destruction Timescales of 15N in Zone 601 for
an Explosion of Energy, 0.8e51 erg
nuclei per total number of nucleons per second, or 4.7568 x 10−4 per second for the change in the
15N mass fraction with time, a negligible increase. The slow change in the amount of 15N present
during this time step results in little of it being produced and thus the 15N mass fraction is in near
steady-state at this time. The steady-state 15N mass fraction, computed as 15P (
15N)
λ(15N) , is 2.5625 x
10−4 and the actual mass fraction is 2.5062 x 10−4. The difference is small, thereby confirming our
assumption of approximate steady-state. At 5.07 s post core bounce, the 15N mass fraction begins
to decrease as the system attempts to remain in approximate steady-state. From Fig. 4.21, the
timescale for destruction leads the timescale for production after 5.07 s and so, since it takes less
time to do so, more 15N is destroyed than produced. The timescales for production and destruction
become greater than the current time after 6.58 s and 7.04 s post core bounce, respectively, after
which the decrease in temperature and density from the expanding material leads to the cessation
of all reactions and subsequent 15N mass fraction of about 1.19 x 10−4.
Because the timescale for achieving steady-state is given by 1λ(15N) , where λ(
15N) is the sum
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Figure 4.22: Post Shock Evolution of Production and Destruction Timescales of 15N in Zone 601 for
an Explosion of Energy, 0.8e51 erg
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Figure 4.23: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601 for
an Explosion of Energy, 0.5e51 erg, with All 15N-Destroying Reaction Rates Enhanced by Factor of
100
74
of all decay constants for destruction of 15N via reactions with other particles, increasing λ(15N) will
decrease the steady-state timescale and possibly allow the 15N mass fraction to come into steady-
state before freeze-out. Increasing λ(15N) will also have the effect of decreasing the steady-state
mass fraction. For Figs. 4.23 and 4.24, the rates of all reactions with 15N as a reactant were
increased by a factor of 100. Thus, Y (15N)λ(15N) → 100[Y (15N)λ(15N)] = Y (15N)[100λ(15N)] ≡
Y (15N)λ∗(15N), and so the steady-state mass fraction becomes 15
(
P (15N)
λ∗(15N)
)
. The timescale for
achieving steady-state thereby decreases to 1λ∗(15N) . We see in Figs. 4.23 and 4.24 that the steady-
state value at each time has decreased by more than two orders of magnitude from the corresponding
value with no rate modification in Fig. 4.14. And the 15N mass fraction attempts to lock into the
steady-state value beginning at about 6.05 s post core bounce. The two values finally coincide at
6.12 s post core bounce, with the 15N mass fraction following the steady-state curve until 6.5 s post
core bounce, at which point the two values slowly begin to diverge from each other with increasing
time. The expansion timescale again becomes significant as the temperature and density decrease
and the production and destruction of 15N terminate, leaving behind a fraction of 8.67 x 10−7 after
2.0222 x 103 s. For almost 0.5 s, the 15N mass fraction was near steady-state, as expected with
the increased destruction rate of 15N. Such a larger destruction rate also resulted in an 15N mass
fraction after freeze-out that is several orders of magnitude smaller than the corresponding value
with no rate modification.
Perhaps the tendency toward an even larger steady-state value will result in a greater
amounter of 15N being produced from the explosive nucleosynthesis. Fig. 4.25 shows the 15N
mass fraction and steady-state value obtained by both decreasing the rates of all 15N-destroying
reactions and increasing the rates of all 15N-producing reactions, each by a factor of 100. There-
fore, Y (15N)λ(15N) → Y (15N)λ∗∗(15N) and P (15N) → 100P (15N) ≡ P ∗(15N). We arrive at
15
(
P∗(15N)
λ∗∗(15N)
)
, or 1.5 x 105
(
P (15N)
λ(15N)
)
, for the steady-state 15N mass fraction and 1λ∗∗(15N) , or
100
λ(15N) ,
for the timescale to achieve steady-state. In approaching steady-state in Fig. 4.25, the 15N mass
fraction levels off, during freeze-out, at yet a slightly greater value, as expected due to the increased
steady-state mass fraction. Although the timescale for achieving steady-state is too long and the
steady-state value too large, as the 15N mass fraction never achieves steady-state in the time before
freeze-out, the tendency towards steady-state has resulted in a significant 15N mass fraction near
the Rauscher value of 1.386 x 10−3.
Proceeding in a new direction for the analysis, we next chose to change the rates of various
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Figure 4.24: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601 for
an Explosion of Energy, 0.5e51 erg, with All 15N-Destroying Reaction Rates Enhanced by Factor of
100
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Figure 4.25: Post Shock Evolution of Steady-State and Actual 15N Mass Fractions in Zone 601
for an Explosion of Energy, 0.5e51 erg, with All 15N-Producing Reaction Rates Enhanced and All
15N-Destroying Reaction Rates Reduced, each by Factor of 100
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reactions that produce or destroy 14N, 15N, and 18O. The rates in the previous calculations and dis-
cussed in the above analysis are part of a set of rates, designated as a28 on http://nucastro.org/nucleosynthesis,
acquired from [14] and [7]. The rates of the following reactions were changed to match those used
by Rauscher et al. [13]:
15N (n,α)12C
14N(α,γ)18F
15N(p,γ)16O
18O(α,γ)22Ne
18O(n,γ)19O
18F(p,γ)19Ne
18F(p,α)15O
17O(p,γ)18F
18O(p,α)15N
15N(α,γ)19F
15N(n,γ)16N
15N(p,n)15O
14C(p,γ)15N
18O(α,n)21Ne
18F(n,p)18O
18O(p,γ)19F
14C(α,γ)18O
18F(n,γ)19F
17F(n,γ)18F
Fits for several of the above rates were obtained from www.jinaweb.org while equations for
the remaining rates were acquired from references listed by Rauscher et al. [13]. If, in using the same
reaction rates, we find that the post shock abundances of various species match those of Rauscher et
al. [13], then the efficiency of our explosion model will be validated. As before, we will consider the
post shock abundances of 14N, 15N, 16O, and 18O across the range of interior mass coordinates of the
helium-burning shell, from 3.05 Mr to 3.8 Mr. The system was evolved for 10
5 s, or, approximately,
one day. In addition to matching the above rates to those of Rauscher et al. [13], we also chose
to include the effect of neutrinos in the resulting post shock nucleosynthesis and evolution of the
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Figure 4.26: Our Post Shock 14N Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies, with the Nucleosynthesis and Evolution Accounting for Neutrinos and Using
Rauscher Rates
helium-burning shell. Such an effect was not included in the previous analysis. The figures above
and below show the outcome of the calculations.
As evidenced in Figs. 4.26 and 4.27, the post shock 14N and 15N mass fractions across
the helium-burning shell most closely resemble the corresponding values of Rauscher et al. [13],
labeleled as ”c post”, for an explosion of energy, 0.6 x 1051 erg. The peak in the 15N mass fraction
for an explosion of energy, 0.5 x 1051 erg, occurs at the same location as that for Rauscher et al.
[13], near the inner edge of the helium-burning shell at 3.05 Mr. The value of the
15N mass fraction
for an explosion energy of 0.6 x 1051 erg at this location, 1.31529 x 10−3, is slightly less than the
peak 15N mass fraction for an explosion energy of 0.5 x 1051 erg, 1.34302 x 10−3. This value of
1.31529 x 10−3 is still only a difference of 5.22 % compared to the peak Rauscher et al. [13] 15N
mass fraction of 1.38585 x 10−3. For an increasing energy of explosion, the peak in the 15N mass
fraction shifts farther out into the helium-burning shell and also decreases in value, with the peak
15N mass fraction for an explosion of energy, 1.2 x 1051 erg, having a value of 1.22138 x 1051 erg at
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Figure 4.27: Our Post Shock 15N Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies, with the Nucleosynthesis and Evolution Accounting for Neutrinos and Using
Rauscher Rates
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Figure 4.28: Our Post Shock 15N Mass Fraction as Function of Interior Mass Coordinate for Ex-
plosion of Energy, 0.6e51 erg, with the Nucleosynthesis and Evolution Including or Not Including
Neutrinos and Using a28 or Rauscher Rates
3.14 Mr.
We can consider Fig. 4.28 in determining the effect of the changed rates and inclusion of
neutrinos on the post shock nucleosynthesis and evolution of 15N across the helium-burning shell for
an explosion of energy, 0.6 x 1051 erg. In matching the aforementioned rates with those of Rauscher
et al. [13] without the inclusion of neutrinos, the peak in the 15N mass fraction increases by about
a factor of 4 near the inner edge of the helium-burning shell. Without the inclusion of neutrinos,
changing the rates has no effect on the post shock 15N mass fraction in the outer regions of the
helium-burning shell, where it remains unchanged at the presupernova value of 7.46 x 10−6. For the
a28 rate set or Rauscher rates, the inclusion of neutrinos results in the production of 15N in these
outer regions to an amount that is slightly greater than the corresponding Rauscher et al. [13] value.
As mentioned above, accounting for both the changed rates and inclusion of neutrinos, we find that
the trajectory of the post shock 15N mass fraction across the helium-burning shell for an explosion
energy of 0.6 x 1051 erg closely follows that of Rauscher et al. [13].
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Figure 4.29: Our Post Shock 14N Mass Fraction as Function of Interior Mass Coordinate for Ex-
plosion of Energy, 0.6e51 erg, with the Nucleosynthesis and Evolution Including or Not Including
Neutrinos and Using a28 or Rauscher Rates
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Figure 4.30: Our Post Shock 16O Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies, with the Nucleosynthesis and Evolution Accounting for Neutrinos and Using
Rauscher Rates
The effect of the changed rates and inclusion of neutrinos on the post shock nucleosynthesis
and evolution of 14N across the helium-burning shell for an explosion of energy, 0.6 x 1051 erg, is
highlighted by Fig. 4.29. The increased destruction of 14N courtesy of the rates of Rauscher et
al. [13] for the above reactions is evident. However, the effect of the neutrinos with or without
the changed rates is minimal as those trajectories of the post shock 14N mass fraction across the
helium-burning shell are each in line with the corresponding trajectory in which neutrinos are not
included. The trajectories of the post shock 14N mass fraction with the changed rates closely follow
that of the post shock 14N mass fraction of Rauscher et al. [13] across the helium-burning shell and
thus serve to provide further validation of our explosion model.
Fig. 4.30 demonstrates that the post shock 16O mass fraction remains unchanged from its
presupernova value across the range of interior mass coordinates of the helium-burning shell for each
explosion energy. None of the aforementioned changed rates involve the production or destruction of
16O and so, barring any effect from the neutrinos, we should not expect a difference when comparing
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Figure 4.31: Our Post Shock 16O Mass Fraction as Function of Interior Mass Coordinate for Ex-
plosion of Energy, 0.6e51 erg, with the Nucleosynthesis and Evolution Including or Not Including
Neutrinos and Using a28 or Rauscher Rates
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Figure 4.32: Our Post Shock 18O Mass Fraction as Function of Interior Mass Coordinate for Various
Explosion Energies, with the Nucleosynthesis and Evolution Accounting for Neutrinos and Using
Rauscher Rates
to the results in Fig. 4.8. Because there is no noticeable difference between the two figures across the
helium-burning shell, the neutrinos must not affect the post shock production or destruction of 16O.
Such behaviors are evident in Fig. 4.31 for an explosion of energy, 0.6 x 1051 erg. Also noticeable
in this figure is the lack of change in the trajectory of the post shock 16O mass fraction across the
helium-burning shell when including neutrinos but keeping the above rates as listed in the a28 set.
An interesting phenomenon occurs in Fig. 4.32 regarding the post shock 18O mass fraction
across the helium-burning shell for each explosion energy. From the results of the previous calculation
in Fig. 4.9, for each explosion energy, the destruction of 18O increases as we move inwards toward
the inner edge of the helium-burning shell at 3.05 Mr. The post shock peak temperature increases
as we proceed farther inwards, thus increasing the rate of destruction of 18O. However, in Fig. 4.32,
for each explosion energy, this continuous drop-off in the mass fraction of 18O is halted as the value
more or less levels off for a small range of interior mass coordinates. The 18O mass fraction then
continues the steep decline as the inner edge is approached. For Mr greater than 1.5, it appears as
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Figure 4.33: Our Post Shock 18O Mass Fraction as Function of Interior Mass Coordinate for Ex-
plosion of Energy, 0.6e51 erg, with the Nucleosynthesis and Evolution Including or Not Including
Neutrinos and Using a28 or Rauscher Rates
though the 18O mass fraction rises above the presupernova value for a given range of interior mass
coordinates at each explosion energy.
Fig. 4.33 provides a clearer picture of these behaviors by considering only the explosion of
energy, 0.6 x 1051 erg. Except near the inner edge of the helium-burning shell at 3.05 Mr and for
Mr greater than 3.14, changing the above rates to match those used by Rauscher et al. [13] has
resulted in a greater destruction of 18O. The jump in the post shock 18O mass fraction beyond the
presupernova value is apparent for Mr between 3.16 and 3.4. As with the post shock
14N and 16O
mass fractions, including the neutrinos with or without the changed rates does not appear to have
an effect on the production or destruction of the post shock 18O mass fraction across the helium-
burning shell, as these trajectories are each in line with the corresponding neutrino-free trajectory.
In these calculations, most of the final 18O mass fraction is the product of the β+ decay of 18F
via 18F(β+ν)18O. It is not certain how much of the post shock 18O mass fraction from Rauscher et
al. [13] is due to the decay of 18F. For this reason, we cannot use 18O as an energy diagnostic in
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Figure 4.34: Post Shock Evolution of 14N, 15N, 18F, and 18O mass fractions in Zone 601 for an
Explosion of Energy, 0.6e51 erg, with the Nucleosynthesis and Evolution Accounting for Neutrinos
and Using Rauscher Rates
validating our explosion model.
Fig. 4.34 shows the evolution with time of the 14N, 15N, 18O, and 18F mass fractions in
zone 601 for the explosion of energy, 0.6 x 1051 erg. This zone corresponds to the inner edge of the
helium-burning shell at 3.05 Mr, the location of the peak post shock
15N mass fraction of Rauscher et
al. [13] and near peak of the post shock 15N mass fraction for this explosion energy. To understand
the relevant reactions responsible for the behavior of these species in Fig. 4.34, we can study the
integrated currents, as discussed below.
A useful concept that can be used in the analysis of the above results is the integrated
current of a particular reaction over the duration of a calculation. We can consider the reaction,
14N(α,γ)18F, in discussing such a concept. To refresh, the abundance, Y , of a nuclear species or
type of particle is the number of nuclei or particles per total number of nucleons. The change in
the abundance, Y(14N), of
14N via the reaction, 14N + α ⇔ γ +18 F , is governed by the following
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equation:
dY14N
dt
= −ρNA < σv >14N,α Y(14N)Yα + λγY(18F ) ≡ −fY(14N)Yα + λγY(18F ) (4.19)
where Y(18F ) and Yα denote the abundances of
18F and 4He, respectively, f is the forward rate in
units of number of nuclei per total number of nucleons per time, and r is the reverse rate in units
of probability of decay per nucleus per second. In integrating both sides of the equation across the
duration of the calculation, we obtain the following:
∫ f
i
dY(14N)
dt
dt =
∫ f
i
(−fY(14N)Yα + λγY(18F ))dt (4.20)
⇒ Y (f)14N − Y (i)14N = −
∫ f
i
fY(14N)Yαdt+
∫ f
i
λγY(18F )dt (4.21)
where
∫ f
i
fY(14N)Yαdt is the net integrated current flowing out of
14N and
∫ f
i
λγY(18F )dt is the net
integrated current flowing into 14N. In assuming a negligible reverse rate, we find
Y (f)14N − Y (i)14N ≈ −
∫ f
i
fY(14N)Yαdt (4.22)
In rearranging, we obtain an expression for the final 14N abundance:
Y (f)14N ≈ Y (i)14N −
∫ f
i
fY(14N)Yαdt (4.23)
To find the total abundance change of 14N from all 14N-producing and -destroying reactions during
the evolution, we can compute the net integrated current (in current minus out current) for each
individual reaction as above in Eq. (4.22) and then sum the results. Such an analysis can be applied
to other species as well.
Of the 14N-producing and -destroying reactions guiding the evolution of the 14N mass frac-
tion over the course of a day in Fig. 4.34, 5 reactions are dominant in their net integrated currents:
14N(n,p)14C → net integrated current: 2.5294034480318227 x 10−5
14N(n,γ)15N → net integrated current: 2.7932198992696279 x 10−7
14N(p,γ)15O → net integrated current: 1.3412806768660094 x 10−8
14N(α,γ)18F → net integrated current: 2.151401194010583 x 10−4
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17O(p,α)14N → net integrated current: -7.3633212261642373 x 10−8
In summing these flows, we obtain 2.4080052190 x 10−4 for the near exact net integrated current.
From summing Eq. (4.22) over all 14N-producing and -destroying reactions, then, the change in the
abundance of 14N after a day should be -2.40800521910 x 10−4. Using our compute species flows.cpp
code, we can compute the abundance of 14N due to all 14N-producing and -destroying reactions at
each time step of the evolution. We find the total change in the 14N abundance to be -2.40795 x
10−4, the absolute value of which is a close match to our approximate net integrated current from the
5 reactions above. Even the sum of the currents from the 14N(α,γ)18F and 14N(n,p)14C reactions,
2.40795 x 10−4, represents a small difference compared to the absolute value of the total abundance
change of 14N, thus confirming these two reactions as the dominant mechanisms of destruction of
14N as the shock wave interacts with zone 601, in Fig. 4.34, 5.5 seconds after leaving the core. In
multiplying the total abundance change of -2.40795 x 10−4 by 14, we acquire the total 14N mass
fraction change of -3.37113 x 10−3, a useful quantity as Fig. 4.34 plots the evolution of each species’
mass fraction.
The dominant flows governing the evolution of the 15N mass fraction in Fig. 4.34 are listed
below with the corresponding reactions:
14N(n,γ)15N → net integrated current: -2.7932198992696279 x 10−7
18O(p,α)15N → net integrated current: -1.1319505795283277 x 10−5
18F(n,α)15N → net integrated current: -1.1717565896260599 x 10−4
15N(p,α)12C → net integrated current: 3.1439985205275551 x 10−5
15N(α,γ)19F → net integrated current: 1.0617226216011665 x 10−5
In summing these flows, we obtain -8.67172753 x 10−5 for the near exact net integrated current.
Applying the sum of an equation similar to Eq. (4.22) to all 15N-producing and -destroying reactions,
then, the change in the abundance of 15N after a day should be 8.67172753 x 10−5. From our
compute species flows.cpp code, we find the total change in the 15N abundance to be 8.671715 x
10−5, the absolute value of which is another close match to our approximate net integrated current
from the 5 15N-producing and -destroying reactions above. The corresponding total change in the
15N mass fraction is given by 8.671715 x 10−5 x 15, or, 1.3007573 x 10−3, as demonstrated by Fig.
4.34.
Finally, the dominant flows responsible for the evolution of the 18O mass fraction in Fig.
4.34 are listed below with the corresponding reactions:
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18F(β+ν)18O → net integrated current: -8.203731412696107 x 10−5
14C(α,γ)18O → net integrated current: -8.8239458508686971 x 10−6
18O(p,α)15N → net integrated current: 1.1319505795283277 x 10−5
18F(n,p)18O → net integrated current: -1.2791939972151284 x 10−5
18O(α,n)21Ne → net integrated current: 1.7361639624937923 x 10−4
18O(α,γ)22Ne → net integrated current: 7.4640841834627646 x 10−5
In summing these flows, we obtain 1.559235439 x 10−4 for the near exact net integrated current.
Applying the sum of an equation similar to Eq. (4.22) to all 18O-producing and -destroying reactions,
then, the change in the abundance of 18O after a day should be -1.559235439 x 10−4. From our
compute species flows.cpp code, we find the total change in the 18O abundance to be -1.56236 x
10−4, the absolute value of which is again a close match to our approximate net integrated current
from the 5 18O-producing and -destroying reactions above. The corresponding total change in the
18O mass fraction is given by -1.56236 x 10−4 x 18, or, 2.812248 x 10−3, as demonstrated by Fig.
4.34. As is evident in Fig. 4.34, the increase in the 18O mass fraction long after the shock wave has
traversed zone 601 is attributable to the β+ decay of 18F.
The various flows discussed above are represented as arrows in the direction of abundance
change in Fig. 4.35. The thickness of the arrows corresponds to the strength, or magnitude, of
the flow. The reaction, 14N(α,γ)18F, has the thickest arrow and, therefore, strongest flow, as noted
above.
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Figure 4.35: Net Integrated Current Across Duration of Calculation in Zone 601 for Explosion of
Energy, 0.6e51 erg, with the Nucleosynthesis and Evolution Accounting for Neutrinos and Using
Rauscher Rates
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Chapter 5
Conclusion
As discussed above, the long-term behavior of the post shock 15N mass fraction is to achieve
the steady-state value. We find that increasing the rate of destruction of 15N, for an explosion energy
of 0.5 x 1051 erg, decreases the timescale in which it can achieve steady-state, thus allowing it to
remain in approximate steady-state for about 0.5 s in Fig. 4.23. However, the enhanced destruction
of 15N results in a final abundance after freeze-out even smaller than that in which no reaction rates
were modified. By proceeding in the opposite direction and decreasing the rate of destruction of
the post shock 15N mass fraction, we increase both the steady-state 15N mass fraction value, by
more than an order of magnitude compared to the corresponding value for no rate modification,
and the timescale to achieve steady-state. As such, the post shock 15N mass fraction never achieves
steady-state in its evolution before freeze-out. But the attempt to reach this significantly larger
steady-state allows the post shock 15N mass fraction to freeze-out at just above 10−3 in Fig. 4.18.
Increasing the rates of all 15N-producing reactions and decreasing the rates of all 15N-
destroying reactions for an explosion energy of 0.5 x 1051 erg further increases both the steady-state
15N mass fraction and time to achieve steady-state. Perhaps the pursuit of this even larger steady-
state value would result in an additional increase in the post shock 15N mass fraction after freeze-out.
However, the significant timescale to achieve steady-state prevents such behavior, as the post shock
15N mass fraction levels off at slightly above the corresponding value for the case in which only the
rate of destruction of 15N was decreased. This analysis has provided us with a wonderful insight
into the reaction rate modifications needed to strive for the peak 15N mass fraction value of 1.386 x
10−3 of Rauscher et al. [13] near the inner edge of the helium-burning zone for an explosion energy
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of 0.5 x 1051 erg. A match with the value of Rauscher et al. [13] would provide validation of the
efficiency of our explosion model.
The natural next step in the validation of our explosion model was to match the various
reaction rates responsible for the evolution of the post shock 14N, 15N, and 18O mass fractions to
those used by Rauscher et al. [13]. We also included the effect of neutrinos in the post shock
nucleosynthesis and evolution. In doing so, we obtain an almost exact match for the post shock
15N mass fraction in zone 601, near the inner edge of the helium-burning shell, for an explosion of
energy, 0.6 x 1051 erg. The trajectory of the post shock 15N mass fraction across the rest of the
helium burning shell also closely resembles that of Rauscher et al. [13]. For this energy of explosion,
the trajectory of the post shock 14N mass fraction across the helium-burning shell is a near match
to that of Rauscher et al. [13] as well. These trajectories are shown in Figs. 4.27 and 4.27. Because
of the influence of the radioactive decay of 18F, we could not use the trajectory of the post shock
18O mass fraction across the helium-burning shell as an energy diagnostic. In analyzing the net
integrated current of various reactions, we find the following reactions to be of relevance in guiding
the nucleosynthesis and evolution of the post shock 14N and 15N mass fractions:
14N(n,p)14C
14N(α,γ)18F
14N(n,γ)15N
18O(p,α)15N
18F(n,α)15N
15N(p,α)12C
15N(α,γ)19F
A future study of the rates of these reactions could lead to an even greater resemblance of our post
shock mass fraction trajectories with those of Rauscher et al. [13], thereby providing a stronger
foundation for our explosion model. An additional study of these rates in the outer regions of the
helium-burning shell could shed more light on the formation of the graphite grains as they traverse
the layers of the supernova. As such, this study has only just begun.
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Appendix A
Presupernova Star
To make the data for Fig. 2.1, first create the interior mass coordinate data by running
./print properties presn.xml “mass below” > out1.txt
The file, out1.txt, then has multiple lines with two columns. Each line corresponds to a zonal
mass shell of the presupernova star given by the input XML file, presn.xml. A line in out1.txt gives
the zone step number (column l) and the interior mass coordinate (column 2) in units of g.
Next, create the 14N, 15N, 16O, and 18O mass fraction data by running
./print mass fractions in zones presn.xml n14 n15 o16 o18 > out2.txt
The file, out2.txt, then has multiple lines with five columns. Each line corresponds to a zonal
mass shell of the presupernova star given by the input XML file, presn.xml. A line in out2.txt gives
the zone step number (column l), the 14N mass fraction (column 2), the 15N mass fraction (column
3), the 16O mass fraction (column 4), and the 18O mass fraction (column 5).
Then, create the 1H, 4He, 22Ne, and 25Mg mass fraction data by running
./print mass fractions in zones presn.xml h1 he4 ne22 mg25 > out3.txt
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A line in out3.txt gives the zone step number (column l), the 1H mass fraction (column 2), the 4He
mass fraction (column 3), the 22Ne mass fraction (column 4), and the 25Mg mass fraction (column 5).
Create the 24Mg mass fraction data by running
./print mass fractions in zones presn.xml mg24 > out4.txt
A line in out4.txt gives the zone step number (column l) and the 24Mg mass fraction (column
2).
Finally, create the 12C, 20Ne, 28Si, and 56Fe mass fraction data by running
./print mass fractions in zones presn.xml c12 ne20 si28 fe56 > out5.txt
A line in out5.txt gives the zone step number (column l), the 12C mass fraction (column 2), the 20Ne
mass fraction (column 3), the 28Si mass fraction (column 4), and the 56Fe mass fraction (column 5).
Figure 2.1
To create Fig. 2.1, plot columns 2, 3, 4, and 5 of out2.txt, columns 2, 3, 4, and 5 of out3.txt,
column 2 of out4.txt, and columns 2, 3, 4, and 5 of out5.txt versus column 2 of out1.txt divided by
the mass of the sun.
To make the data for Figs. 2.2, 2.3, and 2.4, first compute the pre shock pressure in each zone by
running
./compute thermo quantity presn.xml “baryon pressure” “electron pressure” “photon
pressure” “total pressure” > out6.txt
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The file, out6.txt, then has multiple lines with five columns. Each line corresponds to a calcu-
lation in a zonal mass shell of the presupernova star given by the input XML file, presn.xml. A
line in out6.txt gives the zone step number (column 1), the pressure from baryons (column 2), the
pressure from electrons (column 3), the pressure from photons (column 4), and the total pressure
from all particles (column 5), all in units of dyn/cm2.
Then, compute the pre shock internal energy density in each zone by running
./compute thermo quantity presn.xml “baryon internal energy density” “electron in-
ternal energy density” “photon internal energy density” “total internal energy density”
> out7.txt
The file, out7.txt, then has multiple lines with five columns. Each line corresponds to a calcu-
lation in a zonal mass shell of the presupernova star given by the input XML file, presn.xml. A line
in out7.txt gives the zone step number (column 1), the internal energy density from baryons (column
2), the internal energy density from electrons (column 3), the internal energy density from photons
(column 4), and the total internal energy density from all particles (column 5), all in units of erg/cm3.
Finally, compute the pre shock entropy per nucleon in each zone by running
./compute thermo quantity presn.xml “baryon entropy per nucleon” “electron entropy
per nucleon” “photon entropy per nucleon” “total entropy per nucleon” > out8.txt
The file, out8.txt, then has multiple lines with five columns. Each line corresponds to a calcu-
lation in a zonal mass shell of the presupernova star given by the input XML file, presn.xml. A line
in out8.txt gives the zone step number (column 1), the entropy per nucleon from baryons (column
2), the entropy per nucleon from electrons (column 3), the entropy per nucleon from photons (col-
umn 4), and the total entropy per nucleon from all particles (column 5), all in units of Boltzmann’s
constant.
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Figure 2.2
To create Fig. 2.2, plot columns 2, 3, 4, and 5 of out6.txt versus column 2 of out1.txt
divided by the mass of the sun.
Figure 2.3
To create Fig. 2.3, plot columns 2, 3, 4, and 5 of out7.txt versus column 2 of out1.txt
divided by the mass of the sun.
Figure 2.4
To create Fig. 2.4, plot columns 2, 3, 4, and 5 of out8.txt versus column 2 of out1.txt
divided by the mass of the sun.
To create the pre shock and post shock T9 and mass density data in each zone for Figs. 2.5
and 2.6, run the following:
./print properties output photon all 0.3.xml t9 0 “shock t9” rho 0 “shock rho” > out9.txt
The file, out9.txt, then has multiple lines with five columns. Each line corresponds to a zonal mass
shell of the star before and after the explosion, as given by the input XML file, output photon all 0.3.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out9.txt gives the zone step number
(column l), the pre shock temperature (column 2) and post shock peak temperature (column 3) in
units of 109 K, and the pre shock density (column 4) and post shock peak density (column 5) in
units of g/cm3.
Figure 2.5
To create Fig. 2.5, plot column 2 of out9.txt versus column 2 of out1.txt divided by the
mass of the sun.
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Figure 2.6
To create Fig. 2.6, plot column 4 of out9.txt versus column 2 of out1.txt divided by the
mass of the sun.
To create the cell outer radius data of each zone for Fig. 2.7, run the following:
./print properties presn.xml “cell outer radius” > out10.txt
The file, out10.txt, then has multiple lines with two columns. Each line corresponds to a zonal
mass shell of the presupernova star given by the input XML file, presn.xml. A line in out10.txt gives
the zone step number (column l) and the cell outer radius (column 2) in units of cm.
Figure 2.7
To create Fig. 2.7, plot column 2 of out10.txt versus column 2 of out1.txt divided by the
mass of the sun.
To create the pre shock sound speed and γ data in each zone for Figs. 2.8 and 2.9, run the following:
./print properties expl photon 0.5.xml “sound speed” gamma > out11.txt
The file, out11.txt, then has multiple lines with three columns. Each line corresponds to a zonal mass
shell of the star before and after the explosion, as given by the input XML file, expl photon 0.5.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out11.txt gives the zone step number
(column l), the pre shock sound speed (column 2) in units of cm/s, and the pre shock value of γ
(column 3).
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Figure 2.8
To create Fig. 2.8, plot column 3 of out11.txt versus column 2 of out1.txt divided by the
mass of the sun.
Figure 2.9
To create Fig. 2.9, plot column 2 of out11.txt versus column 2 of out1.txt divided by the
mass of the sun.
To make the data for Figs. 2.10 and 2.11, first compute the pre shock abundance of nuclei and
electrons in each zone by running
./update presn with Y presn.xml
The input XML file, presn.xml, now contains the total abundance of all particles in each mass
zone.
Then, create the total abundance data by running
./print properties presn.xml Yi Ye > out12.txt
The file, out12.txt, then has multiple lines with three columns. Each line corresponds to a zonal
mass shell of the presupernova star given by the input XML file, presn.xml. A line in out12.txt
gives the zone step number (column l), the abundance of nuclei (column 2), and the abundance of
electrons (column 3).
Figure 2.10
To create Fig. 2.10, use column 3 of out11.txt, column 4 of out8.txt, the product of column
2 of out9.txt and 109 K, and the sum of column 2 and column 3 of out12.txt to plot Eq. (2.10)
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versus column 2 of out1.txt divided by the mass of the sun.
Figure 2.11
To create Fig. 2.11, plot the ratio of column 2 of out11.txt to Eq. (2.10) as plotted above
versus column 2 of out1.txt divided by the mass of the sun.
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Appendix B
Explosion and Post Shock
To make the data for Figs. 3.3, 3.4, and 3.5, first compute the post shock internal energy
density in each zone by running
./compute thermo quantity output photon all 0.3.xml “baryon internal energy den-
sity” “electron internal energy density” “photon internal energy density” “total in-
ternal energy density” > out13.txt
The file, out13.txt, then has multiple lines with five columns. Each line corresponds to a post shock
calculation in a zonal mass shell of the star, as given by the input XML file, output photon all 0.3.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out13.txt gives the zone step number
(column 1), the internal energy density from baryons (column 2), the internal energy density from
electrons (column 3), the internal energy density from photons (column 4), and the total internal
energy density from all particles (column 5), all in units of erg/cm3.
Then, compute the post shock pressure in each zone by running
./compute thermo quantity output photon all 0.3.xml “baryon pressure” “electron pres-
sure” “photon pressure” “total pressure” > out14.txt
The file, out14.txt, then has multiple lines with five columns. Each line corresponds to a post shock
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calculation in a zonal mass shell of the star, as given by the input XML file, output photon all 0.3.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out14.txt gives the zone step number
(column 1), the pressure from baryons (colun 2), the pressure from electrons (column 3), the pres-
sure from photons (column 4), and the total pressure from all particles (column 5), all in units of
dyn/cm2. Finally, compute the post shock entropy per nucleon in each zone by running
Finally, compute the post shock entropy per nucleon in each zone by running
./compute thermo quantity output photon all 0.3.xml “baryon entropy per nucleon”
“electron entropy per nucleon” “photon entropy per nucleon” “total entropy per nu-
cleon” > out15.txt
The file, out15.txt, then has multiple lines with five columns. Each line corresponds to a post shock
calculation in a zonal mass shell of the star, as given by the input XML file, output photon all 0.3.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out15.txt gives the zone step number
(column 1), the entropy per nucleon from baryons (column 2), the entropy per nucleon from electrons
(column 3), the entropy per nucleon from photons (column 4), and the total entropy per nucleon
from all particles (column 5), all in units of Boltzmann’s constant.
Figure 3.3
To create Fig. 3.3, plot columns 2, 3, 4, and 5 of out13.txt versus column 2 of out1.txt
divided by the mass of the sun.
Figure 3.4
To create Fig. 3.4, plot columns 2, 3, 4, and 5 of out14.txt versus column 2 of out1.txt
divided by the mass of the sun.
Figure 3.5
To create Fig. 3.5, plot columns 2, 3, 4, and 5 of out15.txt versus column 2 of out1.txt
divided by the mass of the sun.
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To make the data for Fig. 3.6, first compute the cell central radius of each zone by running
./update presn with cell central radius presn.xml
The input XML file, presn.xml, now contains the central radius of each zonal mass shell in ad-
dition to the outer radius.
Next, create the cell central radius data by running
./print properties presn.xml “cell central radius” > out16.txt
The file, out16.txt, then has multiple lines with two columns. Each line corresponds to a zonal
mass shell of the presupernova star given by the input XML file, presn.xml. A line in out16.txt gives
the zone step number (column l) and the cell central radius (column 2) in units of cm.
Figure 3.6
To create Fig. 3.6, plot the product of column 4 of out9.txt and the cube of column 2 of
out16.txt versus column 2 of out1.txt divided by the mass of the sun.
To make the data for Figs. 3.7, 3.8, and 3.9, first create the shock time, shock speed, and
mach number data by running
./print properties expl photon 0.5.xml “shock time” “shock speed” “mach number”
> out17.txt
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The file, out17.txt, then has multiple lines with four columns. Each line corresponds to a zonal mass
shell of the star before and after the explosion, as given by the input XML file, expl photon 0.5.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out17.txt gives the zone step number
(column 1), the average time at which the shock wave crosses the outer radius of the zone (column
2), the average speed of the shock wave (column 3), and the corresponding mach number (column 4).
Next, create the material post shock speed data by running
./print properties expl photon 0.5.xml v2 > out18.txt
The file, out18.txt, then has multiple lines with two columns. A line in out18.txt gives the zone step
number (column 1) and the post shock speed of the material (column 2) in units of cm/s.
Figure 3.7
To create Fig. 3.7, plot column 3 of out17.txt and column 2 of out18.txt versus column 2
of out1.txt divided by the mass of the sun.
Figure 3.8
To create Fig. 3.8, plot column 2 of out17.txt versus column 2 of out1.txt divided by the
mass of the sun.
Figure 3.9
To create Fig. 3.9, plot column 3 of out17.txt versus column 2 of out17.txt.
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Figure 3.10
To create Fig. 3.10, plot columns 2 and 3 of out9.txt versus column 2 of out1.txt divided
by the mass of the sun.
Figure 3.11
To create Fig. 3.11, plot the ratio of column 3 to column 2 of out9.txt versus column 2 of
out1.txt divided by the mass of the sun.
Figure 3.12
To create Fig. 3.12, plot columns 4 and 5 of out9.txt versus column 2 of out1.txt divided
by the mass of the sun.
Figure 3.13
To create Fig. 3.13, plot the ratio of column 5 to column 4 of out9.txt versus column 2 of
out1.txt divided by the mass of the sun.
Figure 3.14
To create Fig. 3.14, plot column 4 of out17.txt versus column 2 of out1.txt divided by the
mass of the sun.
Figure 3.15
To create Fig. 3.15, plot column 4 of out17.txt versus column 2 of out17.txt.
To make the data for Fig. 3.16, first create the 14N, 15N, 16O, and 18O mass fraction data by running
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./print mass fractions in zones output photon all 0.3.xml n14 n15 o16 o18 > out19.txt
The file, out19.txt, then has multiple lines with five columns. Each line corresponds to a zonal
mass shell of the star after the explosion, as given by the input XML file, output photon all 0.3.xml,
where 0.5 x 1051 erg is the energy of the explosion. A line in out19.txt gives the zone step number
(column l), the 14N mass fraction (column 2), the 15N mass fraction (column 3), the 16O mass
fraction (column 4), and the 18O mass fraction (column 5).
Then, create the 1H, 4He, 22Ne, and 25Mg mass fraction data by running
./print mass fractions in zones output photon all 0.3.xml h1 he4 ne22 mg25 > out20.txt
A line in out20.txt gives the zone step number (column l), the 1H mass fraction (column 2), the 4He
mass fraction (column 3), the 22Ne mass fraction (column 4), and the 25Mg mass fraction (column
5).
Figure 3.16
To create Fig. 3.16, plot columns 2, 3, 4, and 5 of out19.txt and columns 2 and 3 of out20.txt
versus column 2 of out1.txt divided by the mass of the sun.
To create the time, T9, and mass density data at each time step for Figs. 3.17 and 3.18, run
the following:
./print properties zone 601 photon 0.5.xml time t9 rho > out21.txt
The file, out21.txt, then has multiple lines with four columns. Each line corresponds to a time
step in the evolution since core bounce of the specified zonal mass shell of the star, as given by the
input XML file, zone 601 photon 0.5.xml, where 0.5 x 1051 erg is the energy of the explosion. A line
107
in out21.txt gives the zone step number (column l), the time since core bounce (column 2) in units
of s, the value of T9 (column 3) in units of 10
9 K, and the value of ρ (column 4) in units of g/cm3.
Figure 3.17
To create Fig. 3.17, plot column 3 of out21.txt versus column 2 of out21.txt.
Figure 3.18
To create Fig. 3.18, plot column 4 of out21.txt versus column 2 of out21.txt.
108
Appendix C
Nucleosynthesis
To create the 14N, 15N, 16O, and 18O mass fraction data for Figs. 4.1, 4.2, 4.3, and 4.4,
run the following:
./print mass fractions in zones s15a28c post.xml n14 n15 o16 o18 > out22.txt
The file, out22.txt, then has multiple lines with five columns. Each line corresponds to a 2.5 x
104-second post shock calculation, by Rauscher et al. [13], in a zonal mass shell of the star after
the explosion, as given by the input XML file, s15a28c post.xml, where 1.2 x 1051 erg is the energy
of the explosion. A line in out22.txt gives the zone step number (column l), the 14N mass fraction
(column 2), the 15N mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass
fraction (column 5).
Figure 4.1
To create Fig. 4.1, plot columns 2 and 3 of out2.txt and columns 2 and 3 of out22.txt versus
column 2 of out1.txt divided by the mass of the sun.
Figure 4.2
To create Fig. 4.2, plot the ratio of column 3 divided by column 2 of out22.txt to 4.36 x
10−6 divided by 1.10 x 10−3 versus column 2 of out1.txt divided by the mass of the sun, where 4.36
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x 10−6 is the solar 15N mass fraction and 1.10 x 10−3 is the solar 14N mass fraction.
Figure 4.3
To create Fig. 4.3, plot columns 4 and 5 of out2.txt and columns 4 and 5 of out22.txt versus
column 2 of out1.txt divided by the mass of the sun.
Figure 4.4
To create Fig. 4.4, plot the ratio of column 5 divided by column 4 of out22.txt to 2.17 x
10−5 divided by 9.59 x 10−3 versus column 2 of out1.txt divided by the mass of the sun, where 2.17
x 10−5 is the solar 18O mass fraction and 9.59 x 10−3 is the solar 16O mass fraction.
To create the 14N, 15N, 16O, and 18O mass fraction data for Figs. 4.5, 4.6, 4.7, 4.8, 4.9,
and 4.11, run the following:
./print mass fractions in zones output photon all 0.3.xml n14 n15 o16 o18 > out23.txt
./print mass fractions in zones output photon all 0.4.xml n14 n15 o16 o18 > out24.txt
./print mass fractions in zones output photon all 0.5.xml n14 n15 o16 o18 > out25.txt
./print mass fractions in zones output photon all 0.6.xml n14 n15 o16 o18 > out26.txt
./print mass fractions in zones output photon all 0.7.xml n14 n15 o16 o18 > out27.txt
./print mass fractions in zones output photon all 0.8.xml n14 n15 o16 o18 > out28.txt
./print mass fractions in zones output photon all 0.9.xml n14 n15 o16 o18 > out29.txt
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./print mass fractions in zones output photon all 1.0.xml n14 n15 o16 o18 > out30.txt
./print mass fractions in zones output photon all 1.1.xml n14 n15 o16 o18 > out31.txt
./print mass fractions in zones output photon all 1.2.xml n14 n15 o16 o18 > out32.txt
The file, out23.txt, then has multiple lines with five columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input
XML file, output photon all 0.3.xml, where 0.3 x 1051 erg is the energy of the explosion. A line in
out23.txt gives the zone step number (column l), the 14N mass fraction (column 2), the 15N mass
fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction (column 5). The
files from out24.txt to out32.txt contain the same information for each of the different explosion
energies.
Figure 4.5
To create Fig. 4.5, plot column 2 of out2.txt, out23.txt, out24.txt, out25.txt, out26.txt,
out27.txt, out28.txt, out29.txt, out30.txt, out31.txt, out32.txt, and out22.txt versus column 2 of
out1.txt divided by the mass of the sun.
Figure 4.6
To create Fig. 4.6, plot column 3 of out2.txt, out23.txt, out24.txt, out25.txt, out26.txt,
out27.txt, out28.txt, out29.txt, out30.txt, out31.txt, out32.txt, and out22.txt versus column 2 of
out1.txt divided by the mass of the sun.
Figure 4.7
To create Fig. 4.7, plot the ratio of column 3 divided by column 2 of out2.txt, out23.txt,
out24.txt, out25.txt, out26.txt, out27.txt, out28.txt, out29.txt, out30.txt, out31.txt, out32.txt, and
out22.txt to 4.36 x 10−6 divided by 1.10 x 10−3 versus column 2 of out1.txt divided by the mass
of the sun, where 4.36 x 10−6 is the solar 15N mass fraction and 1.10 x 10−3 is the solar 14N mass
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fraction.
Figure 4.8
To create Fig. 4.8, plot column 4 of out2.txt, out23.txt, out24.txt, out25.txt, out26.txt,
out27.txt, out28.txt, out29.txt, out30.txt, out31.txt, out32.txt, and out22.txt versus column 2 of
out1.txt divided by the mass of the sun.
Figure 4.9
To create Fig. 4.9, plot column 5 of out2.txt, out23.txt, out24.txt, out25.txt, out26.txt,
out27.txt, out28.txt, out29.txt, out30.txt, out31.txt, out32.txt, and out22.txt versus column 2 of
out1.txt divided by the mass of the sun.
Figure 4.11
To create Fig. 4.11, plot the ratio of column 5 divided by column 4 of out2.txt, out23.txt,
out24.txt, out25.txt, out26.txt, out27.txt, out28.txt, out29.txt, out30.txt, out31.txt, out32.txt, and
out22.txt to 4.36 x 10−6 divided by 1.10 x 10−3 versus column 2 of out1.txt divided by the mass
of the sun, where 4.36 x 10−6 is the solar 15N mass fraction and 1.10 x 10−3 is the solar 14N mass
fraction.
To create the data for Figs. 4.13 and 4.14, compute the forward, reverse, and net 15N-producing
flows, the forward, reverse, and net 15N-destroying flows, and the steady-state and actual 15N abun-
dances at each time step by running
./compute species flows zone 601 photon 0.5.xml n15 ”” > out33.txt
The file, out33.txt, then has multiple lines with nine columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input XML
file, zone 601 photon 0.5.xml, where 0.5 x 1051 erg is the energy of the explosion. A line in out33.txt
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gives the time since core bounce (column l) in units of s, the forward 15N-producing flow (column
2) in units of cm3 mol−1 s−1, the reverse 15N-producing flow (column 3) in units of cm3 mol−1 s−1,
the net 15N-producing flow (column 4) in units of cm3 mol−1 s−1, the forward 15N-destroying flow
(column 5) in units of cm3 mol−1 s−1, the reverse 15N-destroying flow (column 6) in units of cm3
mol−1 s−1, the net 15N-destroying flow (column 7) in units of cm3 mol−1 s−1, the steady-state 15N
abundance (column 8), and the actual 15N abundance (column 9).
Figure 4.13
To create Fig. 4.13, plot column 4 divided by column 9 of out33.txt, column 7 divided by
column 9 of out33.txt, and column 1 of out33.txt versus column 1 of out33.txt.
Figure 4.14
To create Fig. 4.14, plot the product of column 8 of out33.txt and 15 and the product of
column 9 of out33.txt and 15 versus column 1 of out33.txt.
To make the data for Fig. 4.15, first create the 14N, 15N, 16O, and 18O mass fraction data by running
./print mass fractions in zones zone 601 photon 0.5.xml n14 n15 o16 o18 > out34.txt
The file, out34.txt, then has multiple lines with five columns. Each line corresponds to a time
step in the evolution since core bounce of the specified zonal mass shell of the star, as given by the
input XML file, zone 601 photon 0.5.xml, where 0.5 x 1051 erg is the energy of the explosion. A line
in out34.txt gives the zone step number (column l), the 14N mass fraction (column 2), the 15N mass
fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction (column 5).
Then, create the 12C, 20Ne, 18F, and 19F mass fraction data by running
./print mass fractions in zones zone 601 photon 0.5.xml c12 ne20 f18 f19 > out35.txt
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A line in out35.txt gives the zone step number (column l), the 12C mass fraction (column 2), the
20Ne mass fraction (column 3), the 18F mass fraction (column 4), and the 19F mass fraction (column
5).
Figure 4.15
To create Fig. 4.15, plot columns 2, 3, and 5 of out34.txt and column 4 of out35.txt versus
column 1 of out34.txt.
To create the data for Figs. 4.16 and 4.17, compute the forward, reverse, and net 15N-producing
flows, the forward, reverse, and net 15N-destroying flows, and the steady-state and actual 15N abun-
dances at each time step by running
./compute species flows zone 601 photon 0.5 n15 reactant .01.xml n15 ”” > out36.txt
The rates of all 15N-destroying reactions in the file, zone 601 photon 0.5 n15 reactant .01.xml were
decreased by a factor of 100. The file, out36.txt, then has multiple lines with nine columns. Each
line corresponds to our one-day post shock calculation in a zonal mass shell of the star after the
explosion, as given by the input XML file, zone 601 photon 0.5 n15 reactant .01.xml, where 0.5 x
1051 erg is the energy of the explosion. A line in out36.txt gives the time since core bounce (column
l) in units of s, the forward 15N-producing flow (column 2) in units of cm3 mol−1 s−1, the reverse
15N-producing flow (column 3) in units of cm3 mol−1 s−1, the net 15N-producing flow (column 4)
in units of cm3 mol−1 s−1, the forward 15N-destroying flow (column 5) in units of cm3 mol−1 s−1,
the reverse 15N-destroying flow (column 6) in units of cm3 mol−1 s−1, the net 15N-destroying flow
(column 7) in units of cm3 mol−1 s−1, the steady-state 15N abundance (column 8), and the actual
15N abundance (column 9).
114
Figure 4.17
To create Fig. 4.17, plot column 4 divided by column 9 of out36.txt, column 7 divided by
column 9 of out36.txt, and column 1 of out36.txt versus column 1 of out36.txt.
Figure 4.18
To create Fig. 4.18, plot the product of column 8 of out36.txt and 15 and the product of
column 9 of out36.txt and 15 versus column 1 of out36.txt.
To create the data for Figs. 4.19 and 4.21, compute the forward, reverse, and net 15N-producing
flows, the forward, reverse, and net 15N-destroying flows, and the steady-state and actual 15N abun-
dances at each time step by running
./compute species flows zone 601 photon 0.8.xml n15 ”” > out37.txt
The file, out37.txt, then has multiple lines with nine columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input XML
file, zone 601 photon 0.8.xml, where 0.8 x 1051 erg is the energy of the explosion. A line in out37.txt
gives the time since core bounce (column l) in units of s, the forward 15N-producing flow (column
2) in units of cm3 mol−1 s−1, the reverse 15N-producing flow (column 3) in units of cm3 mol−1 s−1,
the net 15N-producing flow (column 4) in units of cm3 mol−1 s−1, the forward 15N-destroying flow
(column 5) in units of cm3 mol−1 s−1, the reverse 15N-destroying flow (column 6) in units of cm3
mol−1 s−1, the net 15N-destroying flow (column 7) in units of cm3 mol−1 s−1, the steady-state 15N
abundance (column 8), and the actual 15N abundance (column 9).
Figure 4.19
To create Fig. 4.19, plot the product of column 8 of out37.txt and 15 and the product of
column 9 of out37.txt and 15 versus column 1 of out37.txt.
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Figure 4.21
To create Fig. 4.21, plot column 4 divided by column 9 of out37.txt, column 7 divided by
column 9 of out37.txt, and column 1 of out37.txt versus column 1 of out37.txt.
To create the data for Fig. 4.23, compute the forward, reverse, and net 15N-producing flows, the
forward, reverse, and net 15N-destroying flows, and the steady-state and actual 15N abundances at
each time step by running
./compute species flows zone 601 photon 0.5 n15 reactant 100.xml n15 ”” > out38.txt
The rates of all 15N-destroying reactions in the file, zone 601 photon 0.5 n15 reactant 100.xml were
increased by a factor of 100. The file, out38.txt, then has multiple lines with nine columns. Each
line corresponds to our one-day post shock calculation in a zonal mass shell of the star after the
explosion, as given by the input XML file, zone 601 photon 0.5 n15 reactant 100.xml, where 0.8 x
1051 erg is the energy of the explosion. A line in out38.txt gives the time since core bounce (column
l) in units of s, the forward 15N-producing flow (column 2) in units of cm3 mol−1 s−1, the reverse
15N-producing flow (column 3) in units of cm3 mol−1 s−1, the net 15N-producing flow (column 4)
in units of cm3 mol−1 s−1, the forward 15N-destroying flow (column 5) in units of cm3 mol−1 s−1,
the reverse 15N-destroying flow (column 6) in units of cm3 mol−1 s−1, the net 15N-destroying flow
(column 7) in units of cm3 mol−1 s−1, the steady-state 15N abundance (column 8), and the actual
15N abundance (column 9).
Figure 4.23
To create Fig. 4.23, plot the product of column 8 of out38.txt and 15 and the product of
column 9 of out38.txt and 15 versus column 1 of out38.txt.
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To create the data for Fig. 4.25, compute the forward, reverse, and net 15N-producing flows, the
forward, reverse, and net 15N-destroying flows, and the steady-state and actual 15N abundances at
each time step by running
./compute species flows zone 601 photon 0.5 n15 reactant .01 n15 product 100.xml n15
”” > out39.txt
The rates of all 15N-destroying reactions were decreased and the rates of all 15N-producing reactions
were increased, each by a factor of 100, in the file, zone 601 photon 0.5 n15 reactant .01 n15 product 100.xmlT˙he
file, out39.txt, then has multiple lines with nine columns. Each line corresponds to our one-day post
shock calculation in a zonal mass shell of the star after the explosion, as given by the input XML file,
zone 601 photon 0.5 n15 reactant .01 n15 product 100.xml, where 0.8 x 1051 erg is the energy of the
explosion. A line in out39.txt gives the time since core bounce (column l) in units of s, the forward
15N-producing flow (column 2) in units of cm3 mol−1 s−1, the reverse 15N-producing flow (column
3) in units of cm3 mol−1 s−1, the net 15N-producing flow (column 4) in units of cm3 mol−1 s−1, the
forward 15N-destroying flow (column 5) in units of cm3 mol−1 s−1, the reverse 15N-destroying flow
(column 6) in units of cm3 mol−1 s−1, the net 15N-destroying flow (column 7) in units of cm3 mol−1
s−1, the steady-state 15N abundance (column 8), and the actual 15N abundance (column 9).
Figure 4.25
To create Fig. 4.25, plot the product of column 8 of out39.txt and 15 and the product of
column 9 of out39.txt and 15 versus column 1 of out39.txt.
To create the 14N, 15N, 16O, and 18O mass fraction data for Figs. 4.26, 4.27, 4.30, and 4.32,
run the following:
./print mass fractions in zones output photon all 0.5 neutrino rauscher rates.xml n14
n15 o16 o18 > out40.txt
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./print mass fractions in zones output photon all 0.6 neutrino rauscher rates.xml n14
n15 o16 o18 > out41.txt
./print mass fractions in zones output photon all 0.7 neutrino rauscher rates.xml n14
n15 o16 o18 > out42.txt
./print mass fractions in zones output photon all 0.8 neutrino rauscher rates.xml n14
n15 o16 o18 > out43.txt
./print mass fractions in zones output photon all 0.9 neutrino rauscher rates.xml n14
n15 o16 o18 > out44.txt
./print mass fractions in zones output photon all 1.0 neutrino rauscher rates.xml n14
n15 o16 o18 > out45.txt
./print mass fractions in zones output photon all 1.1 neutrino rauscher rates.xml n14
n15 o16 o18 > out46.txt
./print mass fractions in zones output photon all 1.2 neutrino rauscher rates.xml n14
n15 o16 o18 > out47.txt
The file, out40.txt, then has multiple lines with five columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input
XML file, output photon all 0.5 neutrino rauscher rates.xml, where 0.5 x 1051 erg is the energy of
the explosion and the nucleosynthesis and evolution included neutrinos and used the Rauscher rates.
A line in out40.txt gives the zone step number (column l), the 14N mass fraction (column 2), the 15N
mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction (column 5).
The files from out41.txt to out47.txt contain the same information for each of the different explosion
energies.
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Figure 4.26
To create Fig. 4.26, plot column 2 of out2.txt, out22.txt, out40.txt, out41.txt, out42.txt,
out43.txt, out44.txt, out45.txt, out46.txt, and out47.txt versus column 2 of out1.txt divided by the
mass of the sun.
Figure 4.27
To create Fig. 4.27, plot column 3 of out2.txt, out22.txt, out40.txt, out41.txt, out42.txt,
out43.txt, out44.txt, out45.txt, out46.txt, and out47.txt versus column 2 of out1.txt divided by the
mass of the sun.
Figure 4.30
To create Fig. 4.30, plot column 4 of out2.txt, out22.txt, out40.txt, out41.txt, out42.txt,
out43.txt, out44.txt, out45.txt, out46.txt, and out47.txt versus column 2 of out1.txt divided by the
mass of the sun.
Figure 4.32
To create Fig. 4.32, plot column 5 of out2.txt, out22.txt, out40.txt, out41.txt, out42.txt,
out43.txt, out44.txt, out45.txt, out46.txt, and out47.txt versus column 2 of out1.txt divided by the
mass of the sun.
To create the 14N, 15N, 16O, and 18O mass fraction data for Figs. 4.28, 4.29, 4.31, and 4.33, run
the following:
./print mass fractions in zones output photon all 0.6 no neutrino no rauscher rates.xml
n14 n15 o16 o18 > out48.txt
./print mass fractions in zones output photon all 0.6 neutrino no rauscher rates.xml n14
n15 o16 o18 > out49.txt
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./print mass fractions in zones output photon all 0.6 no neutrino rauscher rates.xml n14
n15 o16 o18 > out50.txt
./print mass fractions in zones output photon all 0.6 neutrino rauscher rates.xml n14
n15 o16 o18 > out51.txt
The file, out48.txt, then has multiple lines with five columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input XML
file, output photon all 0.6 no neutrino no rauscher rates.xml, where 0.6 x 1051 erg is the energy of
the explosion and the nucleosynthesis and evolution did not include neutrinos but used the a28 rate
set. A line in out48.txt gives the zone step number (column l), the 14N mass fraction (column 2),
the 15N mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction
(column 5).
The file, out49.txt, then has multiple lines with five columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input
XML file, output photon all 0.6 neutrino no rauscher rates.xml, where 0.6 x 1051 erg is the energy
of the explosion and the nucleosynthesis and evolution included neutrinos and used the a28 rate set.
A line in out49.txt gives the zone step number (column l), the 14N mass fraction (column 2), the
15N mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction (column
5).
The file, out50.txt, then has multiple lines with five columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input XML
file, output photon all 0.6 no neutrino rauscher rates.xml, where 0.6 x 1051 erg is the energy of the
explosion and the nucleosynthesis and evolution did not include neutrinos but used the Rauscher
Rates. A line in out50.txt gives the zone step number (column l), the 14N mass fraction (column
2), the 15N mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction
(column 5).
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The file, out51.txt, then has multiple lines with five columns. Each line corresponds to our one-day
post shock calculation in a zonal mass shell of the star after the explosion, as given by the input
XML file, output photon all 0.6 neutrino rauscher rates.xml, where 0.6 x 1051 erg is the energy of
the explosion and the nucleosynthesis and evolution included neutrinos and used the Rauscher rates.
A line in out51.txt gives the zone step number (column l), the 14N mass fraction (column 2), the
15N mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction (column
5).
Figure 4.28
To create Fig. 4.28, plot column 3 of out2.txt, out22.txt, out48.txt, out49.txt, out50.txt,
and out51.txt versus column 2 of out1.txt divided by the mass of the sun.
Figure 4.29
To create Fig. 4.29, plot column 2 of out2.txt, out22.txt, out48.txt, out49.txt, out50.txt,
and out51.txt versus column 2 of out1.txt divided by the mass of the sun.
Figure 4.31
To create Fig. 4.31, plot column 4 of out2.txt, out22.txt, out48.txt, out49.txt, out50.txt,
and out51.txt versus column 2 of out1.txt divided by the mass of the sun.
Figure 4.33
To create Fig. 4.33, plot column 5 of out2.txt, out22.txt, out48.txt, out49.txt, out50.txt,
and out51.txt versus column 2 of out1.txt divided by the mass of the sun.
To make the data for Fig. 4.34, first create the 14N, 15N, 16O, and 18O mass fraction data by running
./print mass fractions in zones zone 601 photon 0.6 neutrino rauscher rates.xml n14 n15
o16 o18 > out52.txt
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The file, out52.txt, then has multiple lines with five columns. Each line corresponds to a time
step in the evolution since core bounce of the specified zonal mass shell of the star, as given by the
input XML file, zone 601 photon 0.6 neutrino rauscher rates.xml, where 0.6 x 1051 erg is the energy
of the explosion and the nucleosynthesis and evolution included neutrinos and used the Rauscher
rates. A line in out52.txt gives the zone step number (column l), the 14N mass fraction (column
2), the 15N mass fraction (column 3), the 16O mass fraction (column 4), and the 18O mass fraction
(column 5).
Then, create the 12C, 20Ne, 18F, and 19F mass fraction data by running
./print mass fractions in zones zone 601 photon 0.6 neutrino rauscher rates.xml c12 ne20
f18 f19 > out53.txt
Next, create the time data by running
./print properties zone 601 photon 0.6 neutrino rauscher rates.xml time > out54.txt
A line in out54.txt gives the zone step number (column l) and the time since core bounce (col-
umn 2) in units of s.
Figure 4.34
To create Fig. 4.34, plot columns 2, 3, and 5 of out52.txt and column 4 of out53.txt versus
column 2 of out54.txt.
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Appendix D
Work Flow
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Figure D.1: Workflow Diagram
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To merge the nuclear species data xml file, webnucleo nuc v2.0.xml, and the xml file con-
taining the reaction rate data for those nuclear species, 20120618default.webnucleo.xml, run the
following:
./merge net webnucleo nuc v2.0.xml 20120618default.webnucleo.xml “[z<=‘84’]” my net.xml”
where my net.xml is our merged output nuclear reaction network xml file. Both webnucleo nuc v2.0.xml
and 20120618default.webnucleo.xml were acquired at the Snapshot Libraries webpage on The Joint
Institute for Nuclear Astrophysics website. The nuclide xpath expression, “[z<=‘84’]”, limits the
nuclear species network to those with atomic number less than or equal to 84.
To construct the presupernova stellar composition xml file from a Rauscher et al. [13] presupernova
stellar composition text file acquired at http://nucastro.org/nucleosynthesis, run the following:
./presn comp my net.xml s15a28.presn comp star comp.xml
where s15a28.presn comp is the aforementioned stellar composition text file containing mass fraction
data and star comp.xml is our output stellar composition xml file.
To construct the presupernova stellar structure xml file from a Rauscher et al. [13] presupernova
stellar structure text file acquired at http://nucastro.org/nucleosynthesis, run the following:
./presn structure s15a28.presn structure star struct.xml
where s15a28.presn structure is the aforementioned stellar structure text file and star struct.xml
is our output stellar structure xml file.
To merge the composition and structure xml files in constucting the complete presupernova xml
file, run the following:
./merge comp structure my net.xml star comp.xml star struct.xml presn.xml “[not(@label1
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= ‘wind’ or @label = ‘total’)]”
where presn.xml is our merged output presupernova xml file and the xpath expression, “[not(@label1
= ‘wind’ or @label = ‘total’)]”, does not include the composition of the wind loss in the construction
of presn.xml.
To simulate the propagation of the shock wave through the 15-solar-mass presupernova star, run
our explosion code as follows:
./simple snII presn.xml 1.2e51 expl.xml
where expl.xml is our output explosion xml file and 1.2e51 erg is the energy of the explosion.
To evolve the abundances of the nuclear species in a single zone post core bounce via a network
calculation, run the following:
./run single zone expl.xml 601 zone 601.xml “[z<=‘84’]”
where 601 is the given zone in this particular calculation and zone 601.xml is our evolved out-
put xml file.
To evolve the abundances of the nuclear species in more than one zone post core bounce via a
network calculation, run the following:
./run multiple zone omp expl.xml multi zone.xml “”
where the zone xpath expression, “”, does not limit the number of zones in the calculation and
multi zone.xml is our evolved output xml file.
Although not shown in the work flow diagram, we can construct the post shock stellar compo-
sition xml file from a Rauscher et al. [13] post shock stellar composition text file acquired at
126
http://nucastro.org/nucleosynthesis by running the following:
./presn comp my net.xml s15a28c.expl comp cpost.xml
where s15a28c.expl comp is the aforementioned stellar composition text file containing mass fraction
data and cpost.xml is our output stellar composition xml file.
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